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MONTHLY NOTICES 


OF THE 


ROYAL ASTRONOMICAL SOCIETY 
Vol. 119 No. 6 





MEETING OF 1959 OCTOBER 9 


Professor R. O. Redman, President, in the Chair 


The President announced the death of William Hammond Wright, an 
Associate and Fellow of the Society, in tribute to whose memory the Fellows stood 
for a few moments in silence. 

The election by the Council of the following Fellows was duly confirmed :— 


Mark Gerard Landisman, Lamont Geological Observatory, Palisades, New York, 
U.S.A. (proposed by R. W. Girdler); 

William Hedley Savage, Alrose, Stallingboro Road, Healing, Grimsby, Lincs. 
(proposed by W. T. Gayfer); 

Shambu Dayal Sinvhal, Uttar Pradesh State Observatory, Naini Tal, India 
(proposed by M. K. Vainu Bappu); 

Lawrence Arthur Storer, 25 St. Helen’s Street, Chesterfield, Derbyshire 
(proposed by W. H. Barnett); and 

William Bell Thompson, A.E.R.E., Harwell, Berks. (proposed by V. C. A. 
Ferraro). 


The election by the Council of the following Junior Members was duly 
confirmed :— 


Roger A. Bell, Mount Stromlo Observatory, Mount Stromlo, Canberra, A.C.T., 
Australia (proposed by W. Buscombe); and 

Philip Douglas Charles Heron Goodhart, Hertford College, Oxford (proposed by 
C. H. Barrow). 


One hundred and ninety-five presents were announced as having been 
received since the last meeting, including :— 


International Astronomical Union and International Scientific Radio Union: 
Paris symposium on radio astronomy (presented by the I.A.U.); 

Sir Harold Jeffreys: The Earth, 4th ed. (presented by the author); 

Z. Kopal: Close binary systems (presented by Chapman and Hall Ltd.); 

B. V. Kukarkin, Ed.: Voprosy kosmogonii, Vol. VI (presented by the author); 

A. Kosmodemianski: Constatin Tsiolkovuski (presented by Professor Kukarkin); 

S. Strizhevsky : Nikolai Zhukovsky (presented by Professor Kukarkin); 

A. Oparine and V. Fessenkov: La vie dans l’univers (presented by Professor 
Kukarkin); 

P. G. Kulikovsky, Ed.: Istortko-astronomicheskie issledovaniya, Vols. IV and V 
(presented by the author); 
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One hundred and ninety-five presents were announced as having been 
received since the last meeting, including :— 
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Paris symposium on radio astronomy (presented by the I.A.U.); 

Sir Harold Jeffreys: The Earth, 4th ed. (presented by the author); 
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T. G. Mehlin; Astronomy (presented by Chapman and Hall Ltd.); 

H.M. Nautical Almanac Office: Seven figure trigonometrical tables (presented 
by H.M. Nautical Almanac Office); 

K. F. Ogorodnikov: Dinamika zvezdnykh sistem (presented by the author); 

D. Wattenberg: Mars der rote Planet (presented by the National Book 
League); 

D. Wattenberg: Die Welt der Planeten (presented by the National Book 
League); 

Several papers formerly belonging to the late J. L. E. Dreyer (presented by 
Commander J. F. R. Dreyer); and 

Several papers formerly belonging to the late Henry Perigal (presented by 
A. E. Perigal). 


MEETING OF 1959 NOVEMBER 13 


Professor R. O. Redman, President, in the Chair 


The election by the Council of the following Fellows was duly confirmed :— 


Charles Wilfred Earnshaw, The Old Cottage, The Square, Yarmouth, [.0.W. 
(proposed by H. P. Wilkins); 

John Edward Colston Gliddon, Mill House, Chipping Hill, Witham, Essex 
(proposed by V. C. A. Ferraro); 

Sydney Harold Hall, Imperial College, London, S.W.7 (proposed by R. G. 
Moon); 

Adam B. Malone, B. P. House, Ropemaker Street, London, E.C.2 (proposed by 
D. 'T. Germain-Jones) ; 

Edward Glyn Thomas, B.P. House, Ropemaker Street, London, E.C.2 (proposed 
by D. T. Germain-Jones); and 

Margaret I. Watson, 2 Kew Terrace, Great Western Road, Glasgow, W.2 
(proposed by T. R. Tannahill). 


The election by the Council of the following Junior Members was duly 
confirmed :— 


Stephen Dresner, 70 Riverdene, Edgware, Middx. (proposed by R. H. Garstang); 

Michael Friedjung, 33 Appledore Avenue, Ruislip, Middx. (proposed by P. A. 
Sweet); . 

Paul Geoffrey Murdin, 92 Northborough Road, London, S.W.16 (proposed by 
F. H. G. Best); 

James Gordon Peters, Goethe Link Observatory, Indiana University, Blooming- 
ton, Indiana, U.S.A. (proposed by R. L. Sears); 

Ian Walter Roxburgh, 6 Machon Bank, Sheffield 7 (proposed by R. v. d. R. 
Woolley); and 

John B. Whiteoak, Mount Stromlo Observatory, Canberra, A.C.T., Australia 
(proposed by W. Buscombe). 


Ninety-eight presents were announced as having been received since the last 
meeting, including :-— 

M. Caspar: Kepler. Translated by C. D. Hellman (presented by Abelard- 
Schuman Ltd.); 
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Sir Harold Spencer Jones: Life on other worlds. Revised edition (presented 
by the author); and 

R. Kurth: Introduction to the mechanics of the solar system (presented by 
the Association of the Special Libraries and Information Bureaux). 


MEETING OF 1959 DECEMBER 11 
Dr. W. H. Steavenson, Vice-President, in the Chair 


The Vice-President announced the death of William Moody Witchell, 
who had been a prominent Fellow of the Society for over forty-five years. 
The Fellows stood for a few moments in silence in tribute to Mr Witchell’s 
memory. 

The election by the Council of the following Fellows was duly confirmed :— 
Habeeb Alvi, House No. III-C-3-994 Shah Gunj, Hyderabad Deccan, India 

(proposed by A. Ali); 

Horace W. Babcock, Mount Wilson and Palomar Observatories, 813 Santa 
Barbara Street, Pasadena, California, U.S.A. (proposed by I. S. Bowen); 
William Jack Baggaley, 44 Old Park Avenue, Sheffield 8 (proposed by N. S. 

Jinkinson); 

Robert M. L. Baker, Jr., Department of Astronomy, University of California, 

Los Angeles 24, California, U.S.A. (proposed by S. Herrick); 

William A. Baum, Mount Wilson and Palomar Observatories, Pasadena, 

California, U.S.A. (proposed by A. J. Deutsch); 

William Morley Baxter, 164 Gunnersbury Avenue, Acton, London, W.3 

(proposed by A. C. King); 

Walter C. Beckmann, Lamont Geological Observatory, Palisades, New York, 

U.S.A. (proposed by R. W. Girdler); 

Emilia P. Belserene, 9 Schley Avenue, New Rochelle, N.Y., U.S.A. (proposed by 

L. Motz); 

Lyman H. Beman, 20336 Cantara, Canoga Park, California, U.S.A. (proposed by 

E. Burgess); 

Irmgard Maria M. H. Berrer, 1 Well Street, Forsbrook, Stoke-on-Trent 

(proposed by E. Finlay-Freundlich); 

George William Hobbes Berry, 6 Sunnymede Drive, Ilford, Essex (proposed by 

C. G. Saul); 

Donald E. Billings, High Altitude Observatory, Boulder, Colorado, U.S.A. 

(proposed by W. O. Roberts); 

Kenneth Bispham, 34 Winchester Road, Davyhulme, Urmston, Lancs. (proposed 
by S. W. R. Mottram); 
Deane Robert Blackman, 31 Laver Street, Kensington 4, Victoria, Australia 

(proposed by R. L. Bryant); 

William Blitzstein, Department of Astronomy, University of Pennsylvania, 

Philadelphia 4, Pa., U.S.A. (proposed by F. B. Wood); 

John C. Brandt, Yerkes Observatory, Williams Bay, Wisconsin, U.S.A. (proposed 
by H. A. Abt); 
Ervin J. Brouse, 3215 Liberty, Austin, Texas, U.S.A. (proposed by F. N. 

Edmonds, Jr.); 

Harold H. Brown, 6 Earlspark Avenue, Glasgow, S.3 (proposed by D. 

Livingston) ; ; 
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Thomas Richard Carson, Theoretical Physics Division U.K., Atomic Energy 
Authority, Aldermaston, Berks. (proposed by D. W. N. Stibbs); 

Subhash Chandra, Uttar Pradesh State Observatory, Naini Tal, India (proposed 
by M. K. Vainu Bappu); 

Jeffrey Clayton, 16 Seaforth Avenue, Harehills, Leeds9, Yorks (proposed by 
L. W. Clarke); 

Robert Geoffrey Conway, 18 Granville Road, Wilmslow, Cheshire (proposed by 
J. G. Davies); 

Charles S. Cox, Route 1, Box 43, Del Mar, California, U.S.A. (proposed by W. H. 
Munk); 

Peter Frank Culling, 7p the Drive, Ilford, Essex (proposed by J. Vetterlein); 

Trevor Walford Davies, The British Petroleum Co. Ltd., BP House, Ropemaker 
Street, London, E.C.2 (proposed by D. T. Germain-Jones); 

Wendell C. DeMarcus, University of Kentucky, Lexington, Kentucky, U.S.A. 
(proposed by W. S. Krogdahl); 

Charles L. Drake, Lamont Geological Observatory, Palisades, New York, U.S.A. 
(proposed by R. W. Girdler); 

John C. Duncan, Department of Astronomy, University of Arizona, Tucson, 
Arizona, U.S.A. (proposed by H. D. Babcock); 

Edwin George Ebbighausen, Department of Physics, University of Oregon, 
Eugene Oregon, U.S.A. (proposed by A. McKellar); 

David Owen Edge, Cavendish Laboratory, Cambridge (proposed by A. Hewish); 

Bruce Elsmore, Cavendish Laboratory, Cambridge (proposed by F. G. Smith); 

Von Russel Eshleman, 576 Gerona Road, Stanford University, Stanford, 
California, U.S.A. (proposed by R. N. Bracewell); 

Frank Raymond Farley, B.P. House, Ropemaker Street, London, E.C.z. 
(proposed by D. T. Germain-Jones); 

William Edwin Fox, 49 Milner Street, Newark, Notts. (proposed by B. M. Peek); 

Kenneth L. Franklin, American Museum-Hayden Planetarium, New York 24, 
U.S.A. (proposed by J. M. Chamberlain); 

George David Garland, Geophysics Department, University of Alberta, 
Edmonton, Alberta, Canada (proposed by J. A. Jacobs); 

Charles E. Gasteyer, Van Vleck Observatory, Wesleyan University, Middletown, 
Conn., U.S.A. (proposed by C. L. Stearns); 

Kurt Gottlieb, Mount Stromlo Observatory, Research School of Physical 
Sciences, Mount Stromlo, Canberra, A.C.T., Australia (proposed by 
E. Gollnow); 

David T. Griggs, Institute of Geophysics, University of California, Los Angeles 
24, California, U.S.A. (proposed by J. C. Harrison); 

Adelina Gutierrez, Casilla 36p, Santiago, Chile (proposed by F. Rutllant); 

Peter Spencer Hadley, Green Acre, Peaslake, Surrey (proposed by F. G. G. 
Carr); 

Neville J. Hargrave, 7 Meaker Avenue, West Brunswick, N.12, Victoria, Australia 
(proposed by B. A. Clark); 

Ernst Johannes Hartung, Lavender Farm, Woodend, Victoria, Australia 
(proposed by R. v. d. R. Woolley); 

Bruce C. Heezen, Lamont Geological Observatory, Palisades, N.Y., U.S.A. 
(proposed by R. W. Girdler); 
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Soren W. Henriksen, 6500 Brooks Lane, Washington 25, D.C., U.S.A. 
(proposed by H. K. Eichhorn); 

Luise Herzberg, Dominion Observatory, Ottawa, Ont., Canada (proposed by 
C. S. Beals); 

Brett Hilder, 183 Edinburgh Road, Castlecrag, N.S.W., Australia (proposed by 
J. R. Brace); 

James Victor Hindman, Radiophysics Laboratory, C.S.I.R.O., University 
Grounds, Sydney, Australia (proposed by C. S. Gum); 

Frederick W. Hoffman, 689 East Avenue, Pawtucket, Rhode Island, U.S.A. 
(proposed by C. H. Smiley); 

Léo Houziaux, Institut d’ Astrophysique de I’ Université de Liége, Cointe-Sclessin, 
Belgium (proposed by P. Swings) ; 
Charles Morse Huffer, Washburn Observatory, University of Wisconsin, 
Madison 6, Wisconsin, U.S.A. (proposed by L. M. Milne-Thomson); 
Morris J. S. Innes, 1387 Morley Blud, Ottawa 5, Ont., Canada (proposed by C. S. 
Beals) ; 

Syed Mozaffer Iqbal, 5 Yusuf Manzil, Aram Bagh, Desalane, Pakistan (proposed 
by A. C. Sanderson); 

Robert Jastrow, Goddard Space Flight Center, Washington 25, D.C., U.S.A. 
(proposed by N. G. Roman); 

Roger Clifton Jennison, Wingfield Cottage, Strawberry Lane, Wilmslow, 
Cheshire (proposed by A. C. B. Lovell); 

Eberhart Jensen, Institute of Theoretical Astrophysics, Blindern, Norway 
(proposed by G. Gjellestad); 

Abdul Majid Khan, B-2, Airport, Karachi 11, Pakistan (proposed by C. H. 
Smiley); 

J. Gerard Kilbride, 160 Bishop Street, Londonderry, Northern Ireland (proposed 
by S. P. Logue); 

Robert H. Koch, Amherst College Observatory, Ambherst, Mass., U.S.A. 
(proposed by F. B. Wood); 

Karol Koziel, Department of Astronomy, Jagellonian University, Kopernika 
27/3, Cracow, Poland (proposed by E. Rybka); 

George Lea, 6 George’s Wood Road, Brookmans Park, Hatfield, Herts. (proposed 
by W. H. Julian); 

Henry Jones Lewis, ‘ Vissi D’arte’, Sunnybank Road, Blackwood, Mon. 
(proposed by E. Bennett Smith); 

James Murray Long, Delta Street, Surrey Hills, E.10, Victoria, Australia 
(proposed by B. A. Clark); 

Ivor Martin Longman, Institute of Geophysics, University of California, Los 
Angeles 24, California, U.S.A. (proposed by J. C. Harrison); 

Ralph Edwin Loughhead, C.S.I.R.O., Division of Physics, National Standards 
Laboratory, Sydney, N.S.W., Australia (proposed by R. J. Bray); 

Cornell H. Mayer, Code 7131, US. Naval Research Laboratory, Washington 25, 
D.C., U.S.A. (proposed by N. G. Roman); 

Edward Fifer McClain, Code 7130, U.S. Naval Research Laboratory, Washing- 
ton 25, D.C., U.S.A. (proposed by N. G. Roman); 

Joseph Henry McGlashen, Chatsworth, Bay View Road, Port Erin, Lae 
(proposed by F. Cousins); 
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Maxwell Herbert McKay, School of Mathematics, University of N.S.W., Box 1, 
P.O. Kensington, N.S.W., Australia (proposed by A. Keane); 

Brian Lawrence Meek, Mathematics Department, King’s College, London, W.C.2 
(proposed by F. A. E. Pirani); 

Marshall Melin, 66 Brook Road, Milton, Mass., U.S.A. (proposed by T. E. 
Sterne); 

Thuppalay Kochugovinda Menon, Department of Astronomy, University of 
Pennsylvania, Philadelphia, Pa., U.S.A. (proposed by F. B. Wood); 

Stanley William Milbourn, Overton Cottage, Weston Green, Thames Ditton, 
Surrey (proposed by W. H. Julian); 

William Robert Milliken, Gransha Hospital, Londonderry, N. Ireland (proposed 
by S. P. Logue); 

Rudolph L. Minkowski, 813 Santa Barbara Street, Pasadena, Cal., U.S.A. 
(proposed by I. S. Bowen); 

Walter A. Munn, 60 Garden Street, Cambridge, Mass., U.S.A. (proposed by 
S. I. Gale); 

John E. Nafe, Lamont Geological Observatory, Palisades, N.Y., U.S.A. (proposed 
by R. W. Girdler); 

Henry M. Neely, American Museum-Hayden Planetarium, Central Park West 
at 81st Street, New York City, N.Y., U.S.A. (proposed by K. Heuer); 

Edgar Leslie Neufeld, 6 Brantingham Court, Alexandra Road South, Manchester, 
16 (proposed by J. Davis); 

Frederick William Nicholls, Coombe Bissett, Nr. Salisbury, Wilts. (proposed by 
F. J. M. Stratton); 

Thomas D. Nicholson, American Museum-Hayden Planetarium, New York, 24, 
N.Y., U.S.A. (proposed by J. M. Chamberlain); 

Rajendra Chandra Nigam, Goethe Link Observatory, Indiana University, 
Bloomington, Indiana, U.S.A. (proposed by R. L. Sears); 

Harold Banks Oake, Otterbourne Hotel, Budleigh Salterton, Devon (proposed 
by C. E. R. Bruce); 

Edward Cooper Olson, Goethe Link Observatory, Indiana University, Blooming- 
ton, Indiana, U.S.A. (proposed by R. L. Sears); 

Vasilije Oskanian, Astronomical Observatory, Dalmatinska 101, Belgrade, 
Yugoslavia (proposed by I. Atanasijevic); 

Valfrids Osvalds, Leander McCormick Observatory, Charlottesville, Virginia, 
U.S.A. (proposed by H. L. Alden) ; 

Thomas Edward Peacock, 41 Collard Avenue, Cross Heath, Newcastle, Staffs. 
(proposed by J. G. Porter); 

Gordon Eric Patston, 42 Lincoln Street, Belfield, N.S.W., Australia (proposed 
by H. W. Wood); 

Dennis Clifford Penny, British Petroleum Co., Ltd., Ropemaker Street, London, 
E.C.2 (proposed by D. T. Germain-Jones); 

John Louis Perdrix, 43 William Street, Box Hill, E.11, Victoria, Australia 
(proposed by W. A. Vale); 

Charles Gerald Pickering, British Petroleum Co. Ltd., Ropemaker Street, 
London, E.C.2 (proposed by D. T. Germain-Jones); 

Keith Pierce, Aura, 1033, North Park Avenue, Tucson, Arizona, U.S.A. 
(proposed by J. H. Waddell); 
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Lawrence Herbert Austin Pilkington, Stretton House, Lower Stretton, Nr. 
Warrington, Lancs. (proposed by F. J. Hargreaves); 

John Richard Polson, Gransha Hospital, Waterside, Londonderry, N. Ireland 
(proposed by S. P. Logue); 

Frank Press, Seismological Laboratory, 220 North San Rafael Avenue, Pasadena 2, 
Cal., U.S.A. (proposed by B. Gutenberg); 

W. M. Protheroe, Department of Astronomy, University of Pennsylvania, 
Philadelphia 4, Pa., U.S.A. (proposed by F. B. Wood); 

Gabriel Raab, Casilla 1809, Santiago, Chile, S. America (proposed by 
F. Rutllant); 

Peter Alfred Read, 45 Hobart Street, Miramar, Wellington, New Zealand 
(proposed by W. H. Ward); 

John Hunter Reid, Dunsink Observatory, Castleknock, Co. Dublin, Eire 
(proposed by M. A. Ellison); 

Frank Roberts, S.E. London Technical College, Lewisham Way, 5.E.4 
(proposed by R. G. Foster); 

Michael F. Roberts, Dept. of Exploration, B.P. House, Ropemaker Street, E.C.2 
(proposed by D. T. Germain-Jones) ; 

Ian Stewart Robertson, Bankhead Schoolhouse, Bucksburn, Aberdeenshire 
(proposed by R. V. Jones); 

Andrew Arthur Neill Rule, 12 The Crescent, Surrey Hills, Melbourne, Australia 
(proposed by R. L. Bryant); 

Netra Ballabh Sanwal, Uttar Pradesh State Observatory, Naini Tal, India 
(proposed by M. K. Vainu Bappu); 

Peter August Georg Scheuer, Cavendish Laboratory, Free School Lane, 
Cambridge (proposed by F. Graham Smith); 

Donald Charles Schmalberger, Goethe Link Observatory, Indiana University, 
Bloomington, Indiana, U.S.A. (proposed by R. L. Sears); 

Branislav Sevarli¢, Volgina 7, Belgrade, Yugoslavia (proposed by I. Atansijevi¢); 

Conrad H. Slater, Alpine Lodge, 95 Cambridge Road, Southport, Lancs. 
(proposed by A. C. B. Lovell); 

René Simon, Institut d’Astrophysique, Université de Liége, Cointe-Sclessin, 
Belgium (proposed by P. Swings); 

Roy Edward Rodney Smith, Jeffrey’s Orchard, Afton Road, Freshwater Bay, 
I.0.W. (proposed by P. A. E. Stewart); 

Richard Boynton Southworth, Harvard College Observatory, Cambridge 38, 
Mass., U.S.A. (proposed by T. E. Sterne); 

Ranga Sreenivasan, Harvard College Observatory, Cambridge 38, Mass., U.S.A. 
(proposed by A. M. Naqvi); 

Bernhard Sticker, Department of Astronomy, University of Bonn, Germany 
(proposed by W. Hartner); 

Francis Michael Stienon, Harvard College Observatory, Cambridge 38, Mass., 
U.S.A. (proposed by C. P. Gaposchkin); 

Henrietta H. Swope, 813 Santa Barbara Street, Pasadena, Cal., U.S.A. 
(proposed by I. S. Bowen); 

William Tildesley, Electrical Research Association Laboratory, Cleeve Road, 
Leatherhead, Surrey (proposed by C. E. R. Bruce); 

Malcolm M. Thomson, Dominion Observatory, Ottawa, Ont., Canada (proposed 
by C. S. Beals); 
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Kenneth Ulyatt, 134 Knight’s Hill, London, S.E.27 (proposed by Lord Douglas 
of Barloch); 

Mahendra Singh Vardya, Yale University Observatory, New Haven, Conn., 
U.S.A. (proposed by R. Wildt); 

Raymond N. Watts, Jr., Robert T. Longway Planetarium, Flint, Mich., U.S.A. 
(proposed by C. H. Smiley); 

Donald Ernest Weald, 23 Eden Road, Bexley, Kent (proposed by R. G. Foster); 

Bengt Westerlund, Mount Stromlo Observatory, Canberra, A.C.T., Australia 
(proposed by W. Buscombe); 

Lodewijk Woltjer, Sterrewacht, Leiden, Holland (proposed by S. Chandrasekhar); 
and George P. Woollard, Geology Department, University of Wisconsin, 
Madison, Wisconsin, U.S.A. (proposed by A. H. Cook). 


The election by the Council of the following Junior Members was duly 
confirmed :— 
David Michael Jordan, 16 Pembroke Avenue, Walton-on-Thames, Surrey 
(proposed by F. A. E. Pirani); 
James Muirden, 90 West Cromwell Road, London, S.W.5 (proposed by 
P. Moore); and 
Andrew Leslie James Wells, 43 Arlington Crescent, Waltham Cross, Herts. 
(proposed by F. A. E. Pirani). 
Seventy-one presents were announced as having been received since the 
last meeting, including :— 
International Astronomical Union: The rotation of the Earth and atomic 
time standards, Symposium No. 11 (presented by the I.A.U.); 


M. Johnson: Astronomy of stellar energy and decay (presented by the author); 
and 
D. W. Sciama: The unity of the universe (presented by the author). 





THE DEFLECTION OF LIGHT BY THE GRAVITATIONAL FIELD 
OF THE SUN 


George Darwin Lecture delivered by Professor A. A. Mikhaiiov on 
1959 April 10 


The great scientist Sir George Darwin investigated the action of gravitation 
on the Earth, manifesting itself in the tides, and also the figures of a rotating liquid 
mass and through them the cosmogonic consequences of gravitation. At his time 
there was hardly a question of an action of gravitation on light although this was 
foreshadowed in Newton’s corpuscular theory of light. It was shown by Einstein 
that space around gravitating bodies is distorted, this causing a ray of light to 
travel in a curved path, the bending of the ray being double the amount that it 
would be if the ray consisted of material particles travelling with the speed of 
light and attracted according to Newton’s law. In both cases, that is according 
to Newton as well as Einstein, the ray near a spherical gravitating mass would 
travel along an hyperbola, the mass being at its focus and the two dette ala 
intersecting to form an angle «, which in the Newtonian case 


“2=2 vo ; 

f being the constant of gravitation, M the mass, c the velocity of light and r the 
shortest distance of the ray from the centre of mass. It is easily seen that for all 
masses met with on the Earth, owing to the smallness of f and the greatness of c*, 
this angle is exceedingly small—quite beyond any possibility of experimental 
detection. Only in the case of a mass of cosmical dimensions can this angle be of an 
observable value. The largest mass within the solar system is the mass of the Sun. 
Unfortunately, the least distance from its centre, at which a ray of light may pass, 
is its radius r; which being in the denominator of the above formula diminishes 
the angle «. Putting the corresponding values for the Sun we obtain: « =0"-875/r 
this being a very small angle but already observable. If Einstein’s deduction is 
correct this angle should be doubled. 

The angle 0”-875 gives the bending of a ray of light which just grazes the 
Sun’s surface. Obviously the ray must come from a source situated beyond the 
Sun at a distance large enough for a substitution of the branch of the hyperbola 
by its asymptote. A star fulfills this condition. However a star at the very limb 
of the Sun’s disk cannot be observed even during a solar eclipse: its light would 
be totally obliterated by the inner corona. Therefore 7 in our formula should be 
greater than the radius of the Sun. Expressing 7 in units of the Sun’s radius we 
obtain «=A/r 


in Newton’s theory A = 0"-875, in Einstein’s theory A = 1"-75. (t) 


Now the coefficient in these formulae is proportional to fM/r and this is the potential 
of gravitation of a mass M for outer space. Thus the amount of deflection depends 
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on this potential. In the case of two adjacent parallel rays the difference of deflec- 
tion, which amounts to the change in their angular distance, is proportional to the 
derivative of the potential, i.e. to the acceleration of attraction of the mass. This 
result will be useful for a discussion of other possibilities of tests besides observa- 
tions during solar eclipses. 

Now the verification by observation of the deflection as expressed by formula 
(1) presents two different problems. First of all there is the question of the law of 
deflection, that is the dependence of « on the distance r. According to theory, 
either Newton’s or Einstein’s, the deflection diminishes as 1/r with increasing r, 
that is hyperbolically. Logically speaking this question should be answered first. 
If this law is corroborated, then there arises the second question of the value of 
the constant A—whether it is consistent with the Newton or Einstein hypothesis, 
or is perhaps of a different amount. 

I have just said that the sequence of verification is logically this: first to 
ascertain the law and then the amount. But not only logic, the history of science 
also shows us many examples of such a procedure. In our case the objection may 
be raised that the investigation of the deflection of light does not necessitate the 
establishment of a new principle, as the law of deflection is deduced from more 
general laws and therefore there should be no doubt about the law itself and only 
the amount of deflection has to be decided upon. As Eddington, in his inspiring 
book Space, Time and Gravitation, stated: ‘‘ There were two questions to answer : 
firstly whether light has weight (as suggested by Newton) or is indifferent to 
gravitation; secondly, if it has weight, is the amount of deflection in accordance 
with Einstein’s or Newton’s laws ?’’ Nevertheless when testing the deductions 
of theory by experiment or observation the investigation should be made as 
thoroughly and as many-sided as possible. It would be imprudent to accept 
a priori part of the deduction and to build the investigation of the remaining 
part upon this assumption. 

Sometimes both problems can be solved simultaneously and the observations 
can be used for checking the law and determination of the constants involved. 
However the quality of the observations for this purpose must be very high. 
Unfortunately this is not the case for the Einstein shift. So far only the value of 
the constant A in formula (1) has been sought without any success in verifying the 
formula itself. The reason for this is the extreme difficulty of the problem from an 
astrometrical point of view. It must be borne in mind that, usually, the stars 
nearest to the Sun that can be observed during a total eclipse are at least two 
semidiameters of the Sun’s disk from its centre, so that the maximum shift for 
such stars amounts to only half the value of the constant A. It is quite hopeless 
to determine the positions of such stars from observations and compare them with 
those taken from a catalogue, as the precision of such a procedure would be quite 
insufficient. The star catalogues contain errors of several tenths of a second of arc 
in the star coordinates even for the epoch of observation of the catalogue, which in 
most cases differs by many years from the year of observation of the eclipse. Even 
in the more favourable case of Einstein’s value of the constant it would amount to 
o”-87, which corresponds (for an average focal length of the observing telescope 
of 6m=2oft) to about 0-025mm in the focal plane. It is obvious that the 
observations must be made with the aid of photography owing to the short duration 
of total eclipses of the Sun. This ensures only a determination of relative positions 
of stars, which is quite sufficient for the purpose. These positions must be 
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compared with those determined with the same instrument in night conditions, 
i.e. when the Sun is far away from the eclipse field of stars, some six months before 
or after the eclipse and when the stars occupy their normal unshifted places. 

Thus there would be at least two plates or a number of pairs of plates to be 
compared between themselves. Each pair would consist of one “‘ eclipse plate ’’ 
and one ‘‘night’’ or comparison plate. It would be of advantage to have the 
comparison plates taken ‘‘ through the glass ’’ in order that it be possible to make 
all the measurements differentially by putting the two plates together, using the 
film-to-film method, and measuring only the small distances between the corres- 
ponding images, usually amounting to fractions of a millimetre. But the night or 
comparison plate would be taken at a different temperature than the eclipse plate 
and this alone would cause a change of scale of the photographic image; besides 
the instrument would be in different conditions: it may have been dismounted 
during the interval, the hour angle may be different, and so on. Everyone 
acquainted with photographic astrometry knows how all these details affect the 
precision of the results. However if the scale is not quite identical in the two 
photographs, formula (1) must be supplemented by the addition of a term which 
takes account of this circumstance, i.e. it should be written : «= A/r + Br, where B 
is the coefficient of the correction for the difference of scale. The angle « causes a 
shift of the stars in a radial direction from the centre of the Sun by the amount Ar, 
which is determined by measuring the plates. Thus the equation of condition for 
each star must be written in the form : 


(2) 


the two constants A and B to be determined by a least-squares solution and Ar 
expressed in seconds of arc. 

In order to get a reliable determination of both constants it is necessary to have 
a wide range in the distance r. In this case the constant B, which is not of interest 
to us, but has perforce to be derived for the determination of A, is obtained mainly 
from the stars with large values of r, as for them the corresponding term in our 
equation is also large. ‘The constant A, on the other hand, is then determined by 
stars with small values of r, i.e. situated as near the Sun’s limb as can be observed. 
Usually however the smallest value of r for such stars, expressed in units of the 
Sun’s radius, is about 2, as the nearer stars are obliterated by the light of the corona. 
The largest values of r should then be not less than 6 or even 8, which requires a 
field of view of about 4° = 4°. The focal length of the camera must be sufficiently 
long to allow a precise determination of the star positions, i.e. not less than 3 
metres. In this case the size of the plates would be much larger than 20 x 20cm. 
The handling and rapid replacement of plates of such size during the short duration 
of the total eclipse would not be an easy matter. It is also difficult to mount sucha 
large instrument equatorially, especially in the conditions of an expedition, and 
therefore a coelostat is often used. The latter however involves the danger of 
deformation of the mirror due to the cooling of the air during the eclipse. 

Such are the main difficulties encountered in observing the Einstein effect 
during total solar eclipses and it is due to them that the results so far are not of a 
very satisfactory nature. We will now proceed with a review of the observational 
data. 
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The first attempt to observe the deflection of light from the stars on Newton’s 
principle was planned by an American and a German expedition to Russia to 
observe the eclipse of 1914 August 21, but bad weather and the outbreak of war 
frustrated this intention. Meanwhile, in 1915, Einstein deduced his double value 
of deflection and the question arose of a discrimination between the two theories. 
As soon as the war conditions made it possible, the Royal Society jointly with the 
Royal Astronomical Society formed a committee for making the necessary 
preparations for the organization of observations. Fortunately there was a very 
exceptional eclipse forthcoming on 1919 May 29, when the eclipsed Sun was to be 
projected on a very favourable background of stars: the well-known group of the 
Hyades in the constellation of Taurus. On this date about one dozen stars of 
unusual brightness, between the 4-5 and 6-0 stellar magnitudes, were located near 
the Sun. The path of totality of this eclipse passed from South America over the 
Atlantic Ocean and through equatorial Africa, ending in the Mozambique Channel 
near Madagascar. ‘Two British Expeditions were sent, one headed by Eddington 
to Principe, a small island in the Gulf of Guinea, the other with Dr Crommelin and 
Dr Davidson to Sobral in North Brazil. Both were equipped with long-focus 
astrographic cameras fastened horizontally with coelostats in front of the lenses to 
reflect the rays of the stars in a fixed direction into the corresponding camera. In 
Principe the weather conditions were unfavourable and the plates were exposed on 
a partly cloudy sky. On one of the photographs five stars could be measured, their 
positions on the eclipse plate being compared with those on plates taken with the 
same instrument four months previously in England in night conditions, when the 
Sun was far from the eclipse field. The results, although not very reliable, were 
in favour of the Einstein value of deflection. The expedition to Brazil was more 
fortunate and with the longer of the two cameras, having a focal length of 19 ft 
(5-7 m) and 4 inch aperture, seven plates were obtained with good images of 7 stars 
on each plate. The observers and instruments remained at the place of observa- 
tion for two months and the comparison plates were taken through the glass to 
enable differential micrometric measurements of the star images. The constant 
of deflection, as given by the observers, is A=1"-98. It must be pointed out that 
this achievement is quite outstanding and a very fine performance in photographic 
astrometry. 

Dyson and Woolley, in their book Eclipses of the Sun and Moon (Oxford 1937), 
give a revised table of the observed deflections after correcting for second-order 
terms of refraction. I used these deflections for forming the equations of con- 
dition (2), which were solved by the method of least-squares, and obtained 
A=2"-07 +0"-09g p.e. and the scale correction B= —0”-0158 for a distance of one 
radius of the Sun’s disk. In order to compare this result with the theoretical 
deflection, another solution was made, inserting in equation (2) the value 1°-75 
for A and determining the corresponding scale correction, which in this case of 
course differs from the previous value. I obtained B= +0"-0068 and it is 
obvious that the positive value of B must help the deficiency of A to build up the 
high values of the observed Ar. 

Yet another solution was attempted, representing the observed deflections by a 
straight line of the form: Ar=a+b6r. This formula has no theoretical foundation 
whatever and is purely interpolational for a restricted range of r, as it does not 
hold for large values of r. A special scale correction is not necessary in this case, 
as it is included in the constant 6. If a were zero, then the whole observed 
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deflections could be explained by a change of scale between the eclipse and com- 
parison plates. The following expression was found: Ar = 1"-366—0"-208r. 
Thus we have three solutions: the first giving the value of A which fits the 
observations best, the second for the theoretical value A = 1-75 and the third the 
straight line solution. Their relative reliability can be judged by the sum 2%, o 
being the residuals of the corresponding equations of condition: (1) Ar=A/r + Br, 
(z) Ar=1"-75/r+ Br, (3) Ar=a+br. In our case, if o is expressed in units 
0”-o1, we have for the respective solutions: (1) 2e*= 360, (2) Zo*=690, 
(3) Ze*=402. Thus it is quite certain that the observed deflection is larger than 
Einstein’s value if the theoretical hyperbolic law of inverse distance is assumed. 


29 MAY 1919 
BRAZIL 











All three solutions are shown in Fig. 1, which needs some explanation*. 
The distances from the Sun’s centre in units of the radius of the solar disk are 
plotted along the horizontal axis. ‘The black dots show the observed deflections 
of the individual stars counted vertically from the horizontal axis. The calculated 
deflections are shown by the solid hyperbolic curve for A = 2"-07 and the dotted 
curve for 4=1"-75. The ordinates of the former are reckoned not from the 
horizontal axis but from the inclined straight line which represents the scale cor- 
rection, i.e. the term Br of formula (2). The curve for A=1"-75 has a different 
scale correction which is not shown on the diagram. The three nearest stars to the 
Sun lie very nearly on the theoretical curve for A = 2”-07 but, if the lines drawn in 
the diagram are not taken into consideration and attention is paid only to the seven 
stars, the straight line seems to fit best. If the large observed value of A is real and, 
as we shall presently see, an analysis of subsequent observations seems to 
corroborate this, then the question arises of the origin of this discrepancy with the 
theory of relativity. 

First of all there is the possibility of a refraction of light in the outer solar 
atmosphere—the corona—which would act in the necessary direction. However 
it can easily be shown that to explain an additional deflection, which increases the 


* It must be noted that all six diagrams showing the results of the different observations are 
drawn on the same scale and are therefore strictly comparable. 
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constant A by only o”-1, an inadmissibly large density of the corona must be 
assumed. The total optical path of a ray of light traversing such a dense corona 
would be many hundreds and even thousands of times greater than the optical 
path through a uniform atmosphere of the Earth, which absorbs about o°8 stellar 
magnitudes. As the absorption of light expressed in magnitudes is proportional 
to the thickness of the absorbing medium, it would be quite impossible to see the 
stars, even through the outer parts of the solar corona, and no stars would be shown 
on the eclipse photographs. This fact seems to be quite conclusive. 

Then it was conjectured that the one-sided cooling of the Earth’s atmosphere 
during totality may cause refraction anomalies, but this seems to be highly 
improbable as the various eclipses were observed under very different climatic 
conditions. A purely photographic effect which could be caused by the images of 
the stars falling on a background of the corona of varying density was suspected. 
However a very thorough investigation by A. von Brunn and H. von Kliiber showed 
that this explanation is also untenable. 





Fic. 2 


The next successful attempt was made by an expedition of the Lick Observatory 
at Wallal on the north-western coast of Australia. A twin camera of 4-5 m focal- 
length and 5” aperture was used. The plates were of the size 17 inch x 17inch, 
covering 5°-4 x 5°-4, }inch thick and weighed 6} Ibseach. Four good photographs 
were obtained with 92 stars to the 10-5 magnitude. The comparison plates were 
taken four months earlier at Tahiti, the instrument being dismounted during this 
interval. To avoid a possible distortion caused by a coelostat the astrograph was 
mounted equatorially and pointed directly towards the star field. Weights were 
attributed to the individual stars according to the quality of the image as seen in the 
measuring machine, those of worst quality being discarded. In the different 
combinations of the eclipse and comparison plates from 62 to 85 stars could be 
measured. The final result as given by the observers is A=1"-72+0"'11. 
I have made a new computation using the data published in a very detailed article 
in the Lick Observatory Bulletin. A few stars with very diffuse images were 
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rejected ; 71 stars were kept and assigned less varied weights. The range of r is 
very large: from 2-1 to 11-0. My result is d=1"-83+0"-11 p.e. The probable 
error of one star of weight 1 is +0"-13. Fig. 2 shows the deflection for the indivi- 
dual stars, the size of the dots giving their weight. An inspection of this graph 
shows that only three stars nearest to the Sun give an upward bend to the curve, 
otherwise no curvature is noticeable. However, even if these stars are kept a 
straight line solution fits the observed deflections best. The following sums of 
squares of the residuals have been obtained : 


solution for A = 1"-83 Lv" = 425 


A=1""75 446 
straight line 419 


At this time it was fully realized that the necessity of the determination of a 
scale difference takes much weight from the constant A and that it is very important 
to devise some method for an independent determination of this difference. 
Already the Australian expedition took photographs of a check field, more than go° 
distant from the Sun, on two nights embracing the eclipse and also photographed 
this same field at Tahiti. However this method failed to give the required results 
as the scale of the eclipse field during daytime could have differed from that of the 
night exposures of the check field. 
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Fic. 3 


In view of this, very elaborate preparations were made at the Potsdam Astro- 
physical Observatory for the observation of the eclipse of 1929 May 9 in North 
Sumatra (Fig. 3). A special instrument was constructed for this purpose. It 
consisted of two identical photographic cameras of 8-5 m focal length and 20cm 
aperture, fixed horizontally in two azimuths differing by about 25°. Both cameras 
were fed by one and the same coelostat so that the two star fields, with a distance of 
about 25° between them, could be photographed simultaneously. The plates, 
45 x 45cm, covered 3°x 3°. When one of the cameras was pointed at the eclipsed 
Sun, the other served for photographing a check field. Besides, a collimator with a 
rectangular grating in its focal plane and directed towards the coelostat mirror was 
used for printing a standard scale on the plates. This standard scale also served 
for an investigation of the distortion of the film. Along with this equipment an 
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equatorially-mounted wide-field astrograph of 3-4 m focal length was used; this 
was pointed alternately, first at the eclipse field, and then, without a change of the 
plate, at the check field distant from the Sun. The latter field was destined for a 
determination of the scale. However this method did not give reliable results, 
possibly owing to the different flexure of the instrument. 

The authors, Professor Freundlich, von Kliiber and von Brunn, in a series of 
very detailed articles thoroughly discussed their observations from many sides. 
As a final result, from four plates taken with the horizontal camera, they give 
A =2"-24+0"-10, the scale correction being determined by means of the collimator. 
I have derived a solution according to equation (2) in the usual way, i.e. determining 
the scale difference from the measurements of the stars using the comparison 
plates, and found A =1"-96+0"-08, B= —0"-016, the p.e. of one star being 
+0"-15. The sum of squares for the three solutions is as follows: 


solution for A = 1"-96 Xv? = 1971 
A=1"-75 2372 
straight line 3236 


This time we see that there is a marked inferiority of the straight line solution, 
chiefly due to the influence of a single star, which is nearest to the Sun’s disk, with 
r=1°52. If this star is excluded the respective Xv* are 1962, 2291, 2011. More- 
over it must be noted that the distribution of stars was very unsymmetrical around 
the eclipsed Sun, 16 stars being situated in position angles between 0° and 180° and 
only two stars in the other quadrants. ‘This makes the determination of the scale 
constant B rather uncertain. 

The method of obtaining the scale correction by means of a collimator has 
met justified criticism, as in this case the difficulty is not overcome but transferred 
from one place to another: instead of determining the difference of scale of the 
astrograph this difference must be determined, or even a constancy of the scale 
assumed, for the collimator. By using the check field of the second tube it is 
stipulated that the change of focus of both tubes is identical. Moreover the 
German expedition did not dispense with the coelostat, deeming that it could not 
give rise to systematic errors, but this is doubtful. 

In view of these misgivings, in planning the observation of the eclipse of 1936 
June 19, (Fig. 4), the path of totality of which passed mainly through the USSR 
from the Black Sea to the Pacific Ocean, I designed a method which seemed to 
guarantee a good and independent determination of the difference of scale between 
the eclipse and comparison field of stars. 

For this purpose a plane-parallel glass of the finest optical quality is placed in 
front of the object glass of the astrograph at an angle of about 45° to the optical 
axis. This plate reflects by both sides about g per cent of the light coming from 
a check star field some go° distant from the eclipsed Sun. In this way, during the 
exposure of the eclipse field, a check field is photographed simultaneously on the 
same plate, the stars of the latter field showing fainter by 2-5 magnitudes. The 
star field for this eclipse was satisfactory, having a number of stars of the 8th and 
gth magnitude. So that the stars of the check field be of about the same brightness 
their true magnitude should be between 5-5 and 7. For this purpose the group of 
Coma Berenices served admirably. Selecting Kouybyshevka, which is in the 
Far East and on the Trans-Siberian railroad, as an observation site, the altitude of 
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this group during the eclipse could be nearly identical with the altitude of the 
eclipse field, i.e. 36° above the horizon. The method consists in the following 
procedure: during the eclipse the eclipse field is photographed simultaneously 
with the check field. About six months later (or earlier) these same fields are 
photographed at the same hour angle through the glass side of a photographic 
plate, thereby furnishing the necessary comparison plate. The check field on the 
two plates, not being affected by the Einstein displacement, serves then for a 
determination of the scale correction. In order to lessen the accidental errors, 
especially those due to the distortion of the film, several photographs should be 
taken during the eclipse (as many as possible, the number depending on the 
duration of totality) and at least the same number for comparison after or before, 
with an interval of six months. 

Our instrument had a 15 cm diameter object glass, the focal length being 600 cm. 
The plane-parallel glass plate, 27 cm in diameter and 3 cm thick, was made at the 
Optical Institute in Leningrad by Maksutov and is of the highest quality, the wedge 
being less than 1”. The photographic plates, 35 x 35 cm, covered 3°-3 x 3°-3 and 
were of plate glass 6mm thick. They were specially made by Ilford Ltd. for this 
. purpose and coated with an unsensitized ‘‘ Zenith’ emulsion. Each plate 
weighed nearly 2 kg and the construction of plate holders for such large and heavy 
plates, ensuring the required precision of the position of the plate in relation to the 
lens, is not simple. Moreover the handling and quick change of plate holders of 
such dimensions and weight during the eclipse would be very difficult and a pro- 
longed length of time between the exposures required for the extinction of vibra- 
tions of the instrument. The instrument had to be pointed directly at the Sun 
in order to avoid the objectionable use of a coelostat. 

In view of this circumstance a quite unusual construction of the astrograph was 
adopted. It was decided to dispense with plate holders by making the camera 
large enough to house the observer and his assistant, who could handle the plates 
in darkness, put them in place for the exposure and quickly remove them, making 
the necessary replacement. In this manner it was possible to take four plates with 
exposures from 25 to 35 seconds during the 138 seconds of totality. 

A light-tight plywood pavilion with a base of 4 x 5 m served as the outer covering 
of thecamera. In one wall astone pier was builtin. On the top of this stone pier 
was mounted an iron frame carrying in gimbals the upper end of a framework, 
6m in length, made of welded iron tubes. One end of the latter held the object 
glass, the other a triangular plate with three screws, on the pointed ends of which 
rested the photographic plate. The lower end of the framework glided along 
a steel cylinder, being drawn by an attachment to the nut of a screw which was 
turned by clockwork. Several counterweights on steel cables passing over pulleys 
ensured easy gliding. 

During the eclipse the observer put the photographic plate in position on the 
ends of the screws and operated the shutter. Unfortunately of the four plates 
taken during the eclipse only two could be used for measurements. The first 
plate was spoilt by opening the shutter too soon and another plate had to be 
discarded as it did not rest properly on the three screws. 

The comparison plates could be taken only during the following winter which 
was unfortunate as the temperature then in eastern Siberia is very low. In order 
to avoid the greatest frost the time was chosen as near to spring as possible and the 
comparison plates were taken in March 1937. Nevertheless, the temperature was 
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then —21°C. During the eclipse the temperature was +23°-6C. This great 
difference in temperature caused a large difference in the scale between the eclipse 
and the comparison plates, which had to be determined in the usual way, i.e. by 
using equations (2). ‘The cause of the failure of the use of the check field for the 
determination of the scale is probably the following. ‘The movement of the astro- 
graph, which was determined by having the right direction of the guiding cylinder 
and the speed of the driving clockwork, was adjusted so that the eclipse field 
remained stationary 1 the photographic plate during the exposure. Asis known, 
if in an equatorial mounting the hour axis is not exactly parallel to the earth’s 
axis, then by proper guiding a star can be kept stationary in the field of view but 
the whole field rotates around the star used for guiding. In our case the farthest 
star of the eclipse field was 1°-g from the centre of the plate, which was guided 
correctly. The check field was about 98° distant. If the image of the sky rotated 
around the Sun this would cause a linear displacement of the image of a star pro- 
portional to the sine of its angular distance from the Sun or sin 98°: sin 1°-g = 30: 1 
for stars in the check field to the farthest star in the eclipse field. Thus the 
images of the stars of the check field could be drawn out to such an extent that they 
would not be discernible at all, while the stars of the eclipse field would be quite 
sharp. Probably this happened in our case and this is the reason why the check 
field could not be used for a determination of the scale. In the future equal 
attention should be paid to the adjustment of the driving according to both fields. 








Fic. 4 


Using two comparison plates taken through glass four different combinations 
with the two eclipse plates were possible. On the whole 29 stars could be 
measured but not in all the combinations as some of them were too faint on one 
of the plates. Weights were assigned according to the number of measured 
images. A least squares solution of the equations of condition gave an unusually 
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large value for A = 2"-68 + 0”-37 and the sum of the squares of the residuals for the 
different solutions : 
A=2"68 or=1375 
A=1"-75 1534 
straight line 1637 

Now I must confess that after obtaining the value of deflection from a compli- 
cated calculation one has no great conviction in the reality of an apparent repulsion 
of the stars from the Sun at all, as this is not very evident from the measurements 
themselves. However the following considerations gave me a very obvious proof 
of the reality, if not of the derived value of A of at least the existence of a noticeable 
repulsion of the theoretical order of magnitude. In the measuring machine the 
combined plates were measured differentially, the differences of the rectangular 
coordinates, Ax and Ay, between the stars on the eclipse and comparison plates 
being found. The coordinate axes were orientated tangentially to the declination 
circle and the diurnal parallel passed through the centre of the plates. The 
radial displacement Ar to be inserted in the equations of condition is in this case: 
Ar =Ax sin P+ Ay cos P, where P is the position angle of a star referred to the 
Sun’s centre. These Ar evidently contain the Einstein deflection. But a tan- 
gential component can also be calculated from : As=Axcos P—Aysin P, which 
does not contain any deflection at all. Now the sum &(Ar)* was 2932, which after 
a subtraction of the deflection diminished to 1375 with a p.e. of one star of weight 
1=+0"-50. The corresponding sum for the tangential component was 1705 
with a p.e. +052 or practically identical with that of the radial components 
freed from the deflection of light and this is proof of its reality. 

Since 1936 the instrument has been improved by replacing the gliding move- 
ment along the cylinder by a rolling movement on a plane surface which has to be 
orientated parallel to the equator. However I had no luck at the eclipse of 1941 
September 21, as the war conditions frustrated observations at Alma-Ata, although 
the weather was favourable. On 1945 July 9, at Rybinsk on the Volga, as well as 
on 1947 May 20, in Brazil and on 1954 June 30, in the northern Caucasus the sky 
was overcast. 

In November 1946 during a visit to the Yerkes Observatory I learnt from Dr 
van Biesbroek that he had devised a similar method of observing the deflection of 
light which he intended to apply at the eclipse of 1947 May 20, in Brazil. Dr van 
Biesbroek’s instrument had an equatorial mounting of a more conventional type, 
but the plane-parallel glass in front of the object-lens was silvered so as to transmit 
and reflect nearly the same quantity of light. I think that this is not as good as an 
unsilvered plate because much of the light of the most valuable eclipse field is lost. 
As regards to the check field it is always possible to select a field with a sufficient 
number of bright stars, if the condition of a distance of 90° from the Sun is not 
strictly maintained. If 50 per cent of the light from the eclipse field is lost the 
exposure time must be doubled, which diminishes the number of plates that can 
be taken during totality, thereby reducing the precision of the result. 

It was due to this circumstance that at the eclipse of 1947 May 20, Dr van 
Biesbroek took only one plate with an excessive exposure of 185 seconds. This 
was thought necessary in view of the intention to use a yellow filter. However, the 
filter had to be removed owing to its deterioration shortly before the eclipse, but 
the time of exposure was not shortened. As a result the plate was strongly fogged 
and the nearest star that could be measured was 3°3 radii from the Sun’s centre. 


42° 
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Dr van Biesbroek writes in his article in the Astronomical Journal* that the stars 
of the check field were astigmatically distorted, which he ascribed to a deformation 
of the plane-parallel glass because of unequal cooling during the eclipse. I suspect 
that at least partly this was caused by the above-mentioned fault in the guiding of 
the telescope. As the check field could not be used, the determination of the scale 
correction was made in the usual manner by means of equations (2). These were 
however transformed according to a proposal by Professor Danjon, i.e. both parts 
were divided by r, which gives : 

Wa S48. 3) 
This procedure was recommended in order that the solution by the method of 
least squares be simpler. However it must be remembered that the multiplication 
or division of the equations of condition by any factor is equivalent to an alternation 
of the weight. Thus by dividing by r, the weights of the nearest stars to the Sun’s 
disk are unduly increased. The natural distribution of weights is given only by 
the original form of equations (2). The complication arising in solving these 
equations in comparison with equation (3) is quite negligible as the labour 
involved in the solution of equations of any form is very small in comparison to the 
labour connected with the expedition and observations. 





The author gives for A, as determined by the method proposed by Danjon, 
A=2"-01+0":18p.e. We have recomputed the observations as published in the 
A. }.¢ according to the usual formula (2) with the result A = 2”-20 + 0”-38. Using 
Danjon’s transformation we found A =2"-41 and it is an enigma to us how van 
Biesbroek obtained his results. It is almost obvious that the solution as proposed 
by Danjon must be larger than the usual one as an inspection of Fig. 5 shows that 
the nearest stars, which in this case have the greatest weight, demand an increase 
in the value of A. 


* A.F., 55, No. 1182, p. 49, 1950. 
+ In this article there are several misprints. ‘The values of X for the stars 43 and 44 must be 
interchanged, also for stars 34 and 35; and those for stars 14, 18 and 26 are wrong. 
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The sum of the residual squares for the three solutions is: 

A=2":20 Xv" =612 

A=1"-75 618 

straight line 630 
We see that there is very little difference between these numbers so that the best 
solution is very uncertain, this being due to a large spread in the observed deflec- 
tions of the individual stars as well as to the absence of stars near the Sun’s limb. 

And now we come to the last, and in one respect the most successful, determina- 
tion of the deflection of light. During the eclipse of 1952 February 25 in Khartoum, 
van Biesbroek took two plates with the same instrument that he used in 1947. The 
exposures of 50 and go seconds showed respectively 9 and 11 stars in the eclipse 
field and 8 stars in the check field, the star images being diffuse due to a gusty 
wind that shook the instrument. Two comparison plates were taken six months 
later, the instrument remaining undisturbed on the site during this time. The 
check field could be used for a determination of the difference of scale, and the 
four combinations of the eclipse and comparison plates were measured twice. 
The observer’s result as printed in the Astronomical Journal* is A = 1"-70 + 0"-07 
p.e. There is no indication in the very laconic article published whether the 
method proposed by Danjon was used for the solution. 

We have recalculated the measures as published and found that no additional 
scale correction is required, so that the method of observation has justified itself. 
However we obtained quite a different value for A=1"-43+0"18 p.c. That 
van Biesbroek’s value of A does not fit his measurements is shown by the residuals, 
the algebraic sum of which with a consideration of weights is for: 
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A=1"43 Xpu=+o0"02 LZpet=71 
A=1"-70 —0"'94 82 
straight line 40 
The sum pv* also shows very clearly that the value 1”-70 for A is quite inadmissible. 
In this case the straight line solution is best. An inspection of Fig. 6 shows that 
the nearest star, with r= 2-12 gives a comparatively small deflection. This star 
pulls the whole hyperbolic curve downwards and this explains the small value 
* A.F., 58, No. 1207, p. 87, 1953. 
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of A as derived. It is obvious that a solution by the method proposed by Danjon 
must give a still smaller value of A as in this method the weight of the nearest stars 
is greatly increased. In fact we have obtained in this case A = 1"-12. 

Table I gives a general survey of the results obtained so far. 

The best overall value at present available is A = 2”-o but I would like to stress 
once more that it has been obtained assuming the inverse distance law of deflection. 

In 1924 Professor Esclangon, the director of the Paris Observatory, wrote: 
‘* La seule conclusion légitime a tirer est que ces observations sont encore impuis- 
santes a élucider la question posée. Elle ne confirment ni n’infirment la loi de 
déviation d’Einstein. Elles semblent d’indiquer seulement, si l’on peut écarter 
vraiment toute hypothése d’erreurs systématique, l’existence de déviations au 
voisinage du Soleil sens qu’on puisse en fixer la loi, ni l’exacte grandeur au bord 
solaire.”’ 

I am afraid that now, after thirty-five years and six successful observations of 
the Einstein effect, the same rather sceptical words can be repeated once again. I 
think that in order to bring more light into this very difficult problem from an 
astrometrical point of view, observations more coordinated on an international 
scale should be made. It seems to me that the method which employs a plane- 
parallel glass plate before the objective-lens of the astrograph ensures the best 
independent determination of the difference of scale, thereby increasing the 
trustworthiness of the result. 

There is yet another flawless method of an instrumental determination of the 
scalecorrection. Academician V. Linnik of Leningrad has devised an attachment 
consisting of a bridge, bearing a quartz prism, which is swung into Position over 
the lens of the astrograph and gives on the photographic plate, near its edges, two 
sets of interferometric fringes divided by a strictly constant angle. By measuring 
the linear distance between these fringes any change in the scale can be determined. 
The inconvenience of this method lies in the necessity of switching this attachment 
into position during each exposure of the eclipse field and then quickly removing 
it before the next exposure, thereby taking away some of the precious time of the 
eclipse. If this circumstance is permissible then it could be recommended that 
beth methods be used simultaneously, i.e. taking photographs with the plane- 
parallel plate in position and also printing-in the standard angle. This would give 
a perfect check on the determination of the scale as the printing-in of the angle is 
independent of any refraction anomalies of the outer air which could affect the 
check field obtained by means of the plane-parallel plate. 

One more question: is there any possibility of observing the deflection of 
light on some other occasion than a solar eclipse? We have seen that the 
deflection of light is proportional to the potential of attraction. The next massive 
body in the solar system after the Sun is Jupiter. Its mass is 1047 times smaller 
than the Sun’s and the mean diameter 10 times less. Thus the potential on the 
surface of Jupiter is 105 times smaller than on the solar surface and the deflection 
of light is therefore: 


Ar=° 7, 


r being the angular distance of a star from the centre of the planet expressed in 
units of its apparent radius. It is seemingly hopeless to observe such a small — 
deflection directly but there is still one possibility. Suppose that a double star — 
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of some 20” separation is occulted by Jupiter. There will be a moment when one 
of the components is nearly grazing the planet’s disk, while the other is 20" away 
fromitslimb. Jupiter’s apparent radius may also be 20”. In this case the angular 
distance between the components of the double star will be diminished by half the 
constant, i.e. o”-008. This amount can be detected by very precise interfero- 
metric measurements and as the duration of the occultation can last several hours 
there is a possibility of making several measurements with varying r, thus checking 
the law of deflection. It is obvious that the most advantageous case would be 
when one of the components passes tangentially to the rim of the planet while the 
other is situated at right angles to the direction of Jupiter’s motion, remaining 
outside the disk. The probability of such an occurrence is very small but still it is 
worth-while to be on the lookout for such a chance. 

One last remark about a curious phenomenon. Let there be an optical double 
star, the components of which are at very different distances from the Earth. 
Because of the relative proper motions of these stars it may occur that one of them 
passes behind the other. There will be a time when they are nearly aligned. In 
this case the nearest star will act as a lens and the rays from the farthest star by 
bending when passing the nearer star will form around it a bright ring of very 
small angular diameter which could pass unnoticed, except that the star would 
flash-up for a short time. This rather fantastic occurrence was theoretically 
investigated by the oldest living Soviet astronomer, Professor Tikhov. So whena 
nova bursts forth on the heavens there is just a possibility that this is a tribute to 
Professor Einstein and his prediction of the action of gravitation on light; but I 
am almost sure that such a phenomenon will never happen. 





NOTE ON COLLISIONAL DISSOCIATION OF THE H- ION IN THE 
SOLAR ATMOSPHERE 


B. E. 7. Pagel 
(Communicated by the Astronomer Royal) 


(Received 1959 May 5) 


Summary 
New data on collisional dissociation of H~ ions suggest that electron 
impact is a negligible factor, but that associative electron detachment by 
impacts with neutral hydrogen atoms is powerful enough to maintain an 
H~- : H ratio in accordance with local thermodynamic equilibrium in the 
photospheric layers. 





In a study of the continuous emission near the solar limb (Pagel 1956), it was 
shown that the source function is affected by any departures from ionization 
equilibrium in the abundance of the absorbing ion. If photo-ionization and 
electron impact are the only important processes causing dissociation of H-, the 
degree of dissociation x is given in terms of the vaslibdaes degree of dissociation 
x by 


ws N,S+Q (1) 
~ NS+0®" 


where N, S is the probability of dissociation of an H~ ion per unit time by electron 
impact, Q the corresponding probability of photo-ionization, and the super- 
script ® refers to local thermodynamic equilibrium. In the 

Q has the constant value of 1:26 x 10°sec-! and may differ from the local value of 
OQ by as much as 50 per cent (Q=Q™ at T=4800°, approximately); con- 
sequently it is important to investigate the value of S in order to determine to what 
extent the departures from equilibrium ionization due to the radiation field are 
damped down by electron impacts. 

In the paper already quoted, S was estimated roughly by using J. J. Thomson’s 
classical formula for hydrogen-like atoms and it was concluded that N,S was 
comparable with Q at levels of the solar atmosphere having electron density 
N,<10"cm-, and greater than Q at deeper levels. This conclusion now has to 
be revised in the light of a new computation by Geltman (1959) of the collisional 
dissociation cross-section of H~ by electron impact, using the ‘ 
approximation together with a correction for the long-range Coulomb 
between the incident electron and the negative ion. Owing to this latter effect, 
the values of S obtained by Pagel (1956) are not even roughly correct, being too 
large by a factor of several hundreds. Values of S based on Geltman’s cross- 
sections are given in the following table. 
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Electron temperature Ss S (Pagel 1956) 
1°15 X 10~* cm® sec 
2°09 x 107° cm?’ sec™ 1‘1 x 10~* cm? sec™ 
5°56 x 10~* cm® sec 
1°22 x 10~* cm® sec™? 2°7 x 10-* cm® sec"! 
1°46 x 10-8 cm? sec? 


Consequently, electron impact dissociation is negligible compared to photo- 
electric dissociation for layers of the solar atmosphere having N,<1o"* or 
T5990 S1°5- 

Before drawing any conclusion from this as to the departures from equilibrium 
in the dissociation of H~ near the limb, it is necessary to consider a further effect, 
to which attention has been called by Dalgarno, namely associative detachment in 
the reaction 


H+H-—>H, +e. 


Since the rate of this reaction and its converse are dependent on the particle 
densities and on the kinetic temperature only (assuming equal kinetic temperatures 
for the electrons and the heavy particles), this process tends to preserve thermo- 
dynamic equilibrium provided that equilibrium can be assumed in the abundance 
of H,, and equation (1) should be replaced by 


x / xT) NqgD+N,8+Q 





1-x/ 1-x) NyD+N,S+Q’ (2) 
where N,D represents the rate of associative detachment per H~ ion. Precise 
calculations of D are not available, but from general considerations Dalgarno 
(1958) has estimated that D should be within a factor 4 of 10-*® cm* sec at the 
relevant temperatures. Table II gives the values of N,D for various optical 
depths based on this estimate and on the model previously adopted. 


Taste II 
Tree 000001 0°0001 00016 0°003 O°015 
NyD 1°5 x 104 1*1 x 108 1°4 x 10° 2°5 x 10° 8-1 x 108 


It is clear from Table II that N, D becomes greater than Q for T5999 > 0°002, a 
level which is some 50 km above the solar limb, so that in those regions where there 
is appreciable self-absorption in the continuum, it appears to be correct to assume 
the validity of Saha’s equation. In the range 0-0002 < T5999 < 0-001, it still seems 
best to assume that collisional and radiative detachment are of comparable fre- 
quency, but at the greatest heights (T5999 < 0-0002, height above limb > 500 km), 
the abundance of H~ in this model would be about 2-5 times that expected from 
Saha’s equation instead of 1-5 times this (the value assumed by the writer in 1956). 
Since this region is effectively transparent, the values of temperature and electron 
pressure inferred from the emission at a given height remain unaffected by the 
departures from equilibrium; in this region these were taken from the work of 
Athay, Menzel, Pecker and Thomas (1955). However, the corresponding 
optical depths less than 0-0002 given in the model should be increased by a factor of 
about 1-7 in view of this result. However, should the large value of D be confirmed 
by a detailed investigation, it will be necessary to consider carefully the dissocia- 
tion equilibrium of H,. 
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I am grateful to L. M. Branscomb and R. N. Thomas for some valuable 
discussion and to S. Geltman and A. Dalgarno for their kindness in communicating 
their results in advance of publication. 


Royal Greenwich Observatory, 
Herstmonceux Castle, 
Hailsham, Sussex 3 
1959 April. 
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ON THE DETERMINATION OF EPHEMERIS TIME 


C. A. Murray 


(Communicated by the Astronomer Royal) 


(Received 1959 May 14) 


Summary 


It is pointed out that there are two inconsistencies in the set of values 
of AT given in the Astronomical Ephemeris for 1960: (i) a discontinuity at 
1923 due to a change in the adopted equinox, and (ii) a change at 1923 in 
the value of the Earth’s ellipticity used in computing the Moon’s tabular 
place, which gives risc to an erroneous term with the period of the revolution 
of the node. 

Recommendations are made for future discussion of lunar observations and 
the definitive determination of ephemeris time. 





1. Introduction.—The Astronomical Ephemeris for 1960 gives smoothed 
annual values of AT from 1900-5. Up to 1948-5 these values have been taken from 
a paper by Brouwer (1). The purpose of this note is to draw attention to certain 
inconsistencies in the reductions of the lunar observations which affect Brouwer’s 
values of AT, and to make some recommendations concerning the definitive 
determination of ephemeris time. 

Before 1923 (when Brown’s Tables were first used in the ephemerides) 
Brouwer’s results depended systematically on the two occultation discussions of 
Spencer Jones (2), (3). The equations of condition for the two series were 
reduced by Spencer Jones to the system of Brown’s theory by the application of the 
larger terms in the differences between the latter and Hansen’s Tables on the one 
hand and Newcomb’s “‘ provisionally accepted theory’’ on the other. The 
Greenwich and Washington meridian observations for this period had also been 
reduced approximately to Brown’s theory. However, Brouwer corrected these 
results empirically to the system of the occultations, so that any inconsistencies in 
the meridian reductions will have very little effect on his values of AT. 

Since 1923 the occultation results are those of the annual discussions, and, from 
1932 onwards, the star positions used have been reduced to the system of the 
Zodiacal Catalogue (4), which is essentially the same as FK3. From 1923 to 
1931 Brouwer corrected the occultations by an empirical linear formula obtained 
from comparison with the meridian observations. 

2. Ellipticity of the Earth.—Although the occultations before 1923 have been 
reduced approximately to Brown’s theory, the results derived from them differ 
in one important respect from those which would have been obtained if Brown’s 
Tables had been used. The value of the ellipticity of the Earth used by Spencer 
Jones in both his discussions was 1/297, and the Greenwich and Washington 
meridian observations before 1923 were reduced with 1/297 and 1/298-2 respec- 
tively (5), (6). The value adopted by Brown in constructing his Tables was 
however 1/294. If it is assumed that 1/297 is correct, then, as has been pointed 
out elsewhere (7), adherence to 1/294 in the ephemeris will introduce an erroneous 
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term with a period of 18-6 years into B, the fluctuation in the Moon’s mean longi- 
tude. Itisthus desirable that Brouwer’s values of B after 1923 should be corrected 
by +0”-15sin Q where Q is the longitude of the Moon’s node, in order to bring 
them into accordance with those before that date. 

In any future discussion of lunar observations, corrections should be applied 
to the ephemeris to reduce the tabular places to the best available value of the 
ellipticity. It would certainly be better to use the international value 1/297 
rather than 1/294. 

If e is the true ellipticity, then an error in frequency measured in terms of the 
rate of change of AT, obtained from comparison of observations of the Moon with 
the lunar ephemeris, is approximately 10~* (e~!= 294)cos Q. Recent observa- 
tions of artificial satellites indicate that e may be near 1/298 (8); the corre- 
sponding error in frequency will thus be 4 x 10~* cos Q . 

3. Equinox error.—Brouwer states (1, p. 128) ‘‘... Newcomb’s equinox ...is 
the equinox used in Spencer Jones’ revision.’’ ‘This statement appears to be 
erroneous. In the revision of Newcomb’s occultations (3) a correction to the 
assumed right ascensions of the stars in Newcomb’s fundamental catalogue was 
included in the equations of condition. We infer, therefore, that Spencer Jones’ 
derived values of the mean longitude are independent of an error of equinox. 
The equinox correction which he derived for epoch 1850 was —0*-047; there is 
considerable uncertainty as to a possible mean motion, but we may take — 0*-05 as 
the correction required by Newcornb’s right ascensions at epoch 1900. The 
correction to the observed mean longitude corresponding to an equinox correction 
E (seconds of time) is 15E cos ¢ where ¢ is the obliquity of the ecliptic. Thus for 

= —o*-05 the correction to the observed mean longitude is —0"-69. 

The Cape occultations discussed by Spencer Jones (2) are referred specifically 
to Newcomb’s right ascension system, and Brouwer found that an empirical 
correction of — 0-64 was required to reduce them to the system of the revision of 
Newcomb’s occultations. This is almost identical with the expected equinox 
correction. We may conclude, therefore, that before 1923 Brouwer’s values of B 
are all independent of an error of equinox. 

Since 1923 the observations used by Brouwer are referred to adopted right 
ascensions which may be expected to be largely free from an error of equinox. 
However, Brouwer, supposing that his values of B before 1923 were all referred to 
Newcomb’s system, introduced a discontinuity of +0"-6, which is equivalent to 
+1%09,intoAT. All his values of AT since 1923 should thus be decreased by 
this amount. 

4. Definitive determination of \T.—The comprehensive discussion of Brouwer, 
as amended by the removal of the inconsistencies referred to above, contains the 
most homogeneous set of values of AT’ which are at present available. 

Since 1923 the occultations have been reduced by lunations, and corrections 
obtained to the orbital longitude and latitude only. As has been remarked else- 
where (7), the long series from 1923 to 1959, extending over the whole period 
during which Brown’s Tables have been in use, covers almost exactly two complete 
revolutions of the node. A discussion of these, and the meridian observations for 
the same period, should be made in order to obtain definitive values of AT as well 
as corrections to the orbital elements of the Moon. Such a discussion should 
include a possible equinox correction and mean motion. The importance of 
using the correct equinox, as distinct from one arbitrarily defined by a system of 
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adopted right ascensions, arises from the fact that an equinox correction E results in 
a correction of approximately 25E to AT, and a mean motion of this will affect the 
rate of change of AT. It has been shown elsewhere (7) that the occultations give 
an equinox correction to FK3 which is in good agreement with that obtained from 
meridian observations of the Sun and planets. 

Consideration should also be given to a rediscussion of all the lunar observa- 
tions back to at least 1850 using an ephemeris rigorously computed from Brown’s 
theory. Brouwer points out that the agreement between the meridian and occulta- 
tion results has been very much better since 1923 than it was before that date, and 
attributes this partly to imperfect differential correction of the meridian observa- 
tions from Hansen’s Tables to Brown’s theory. The marked increase in the 
scatter of the annual means from occultations before that date indicates that these 
too could be improved by such a rediscussion. 

5. Ephemeris Time.—A practical system of uniform time is defined uniquely by 
two arbitrary constants, an epoch, and a unit of time. The epoch 1900 January 
of 12" Ephemeris Time (E.T.) is defined to be (9) ‘‘...the instant, near the 
beginning of the calendar year A.D. 1g00 when the geometric mean longitude of the 
Sun was 279° 41’ 48"-04...’’, and the unit of time is the ephemeris second as 
defined by the Comité International des Poids et Mesures (10), which is the time 
129 602 768-13 

at 
3 155 760000 
epoch 1900 January o@ 12" E.T.; the numerator in this expression is the mean 
motion of the Sun in a Julian century as given in Newcomb’s Tables, and the 
denominator is the number of seconds ina Juliancentury. The need for specifica- 
tion of the epoch in the definition of the unit of time arises because the actual motion 
of the Sun is accelerated. 

The system of E.T. is thus defined uniquely in terms of two of the arbitrary 
constants of the Earth’s orbit. The numerical values have been chosen to be the 
same as those adopted by Newcomb in constructing his Tables. If at some future 
date an ephemeris of the Sun with argument E.T. is to be constructed using an 
improved set of tables of the motion of the Earth, then the numerical values of these 
two arbitrary constants must be the same as those assigned by Newcomb. 

Because E.T. is defined in terms of the mean longitude of the Earth, its practical 
determination must depend ultimately on observations of the Sun. But on 
account of the relatively small mean motion of the Sun, the I.A.U. has recom- 
mended the use of lunar observations and defined the quantity AT in terms of 
B(11). Thetwotime systems E.T., and U.T.+AT are however not logically the 
same. The determination of AT from the lunar ephemeris depends on the con- 
stants of the Moon’s mean longitude used in that ephemeris, so that before AT 
can be used as an approximation to E.T.—U.T. these arbitrary constants must be 
determined from observations. A further complication in using lunar observations 
is the existence of an empirical secular retardation term in the expression of the 
Moon’s tabular mean longitude (x2); this has been emphasized by Atkinson (13). 

In his fundamental work on the rotation of the Earth (14), Spencer Jones 
related the mean longitudes of the Sun, Mercury and Venus to that of the Moon. 
This work is based on observations extending from the latter half of the 17th 
century to 1936. For the greater part of this period, values of B were taken from 
his discussion of Newcomb’s occultations (3). However, from 1908 his values 
depend partly on Greenwich meridian observations and partly on the annual 


taken for the Sun’s observed mean longitude to increase by 
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occultation discussions, and from this date onwards there is a systematic difference 
of nearly 1” between the values he used and Brouwer’s values amended for the 
error of equinox referred to above. A new discussion of the modern observations 
of the Sun and planets using definitive values of AT from the rediscussion of the 
lunar observations would improve the determination of ephemeris time over the 
last hundred years. An important consequence of such a discussion would be a 
new determination of the empirical secular term in the Moon’s mean longitude. 

6. Conclusions.—The points raised in this note may be summarized in the 
following specific recommendations :— 


(i) A comprehensive discussion of all lunar observations from 1923-1959 
should be made in order to derive definitive values of AT, as defined in (rz), and 
corrections to the elements of the Moon’s orbit. 


(ii) All lunar observations from 1850 to 1922 should be rediscussed using an 
ephemeris of the Moon computed from Brown’s theory. 


(iii) Each of the above discussions should be based on the best available value 
of the Earth’s ellipticity. 


(iv) The derived values of the fluctuations in the Moon’s mean longitude should 
be freed from errors of equinox. 


(v) The Sun and planet observations from 1850 should be rediscussed using 
tke values of AT obtained in (i) and (ii) above to give a definitive determination of 
ephemeris time, as defined in (9). 


Royal Greenwich Observatory, 
Herstmonceux Castle, 
Sussex : 
1959 May 12. 
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THE FABRY-PEROT MONOCHROMATOR 


Jj. E. Geake, F. Ring and N. F. Woolf 
(Received 1959 April 2) 


Summary 


Many astronomical spectrographs are inefficient in the sense that light 
from the telescope image is both rejected at the entrance slit and wasted by 
the low quantum efficiency of the photographic plate. There are many 
problems for which the second of these losses may be reduced by the use of a 
photoelectric detector. It is shown that in such cases the addition of a 
Fabry-Perot interferometer to a conventional monochromator will allow the 
use of a much wider entrance slit for a given resolution. The theory of this 
Fabry-Perot monochromator is considered and leads to the conclusion that 
the interferometer is best used in an on-axis arrangement. Such a system has 
been developed and tested experimentally both in the laboratory and with 
a 120 cm telescope. Comparisons have been made between a prism mono- 
chromator used to study short regions of the spectrum of stars and nebulae, 
both alone and with an interferometer in an on-axis and an off-axis arrange- 
ment. The results show that the on-axis arrangement gave a gain of light 
of about thirteen, and was limited by the goodness of the surfaces of the 
optical flats used. The system described can be attached to any existing 
monochromator. 





1. Introduction.—\t is well known that the high quantum efficiency of the photo- 
multiplier may be usefully employed in astronomical spectrophotometry for 
problems involving a small wavelength range (1). ‘The associated spectro- 
graphic equipment can then be a monochromator which scans a series of spectral 
elements sequentially. Jacquinot (2) has shown that under these circumstances 
a Fabry-Perot interferometer (F—P) is greatly superior to a grating or prism of 
the same size. This is because the F-P permits the use of a much wider slit for 
a given resolution. The application of the F-P to experimental astronomy has 
been discussed theoretically (3) and attempted practically (4), but with a wide 
divergence between theory and attainment. The theory was based on un- 
realistic estimates of the quality of optical surfaces and the experiments were 
made with a simple scanning system which did not use an F—P to best advantage. 
It is the purpose of this communication to discuss the practical limitations of the 
method and to describe some experiments carried out with an F—P used to better 
advantage. 

2. Theory of the diffraction-grating monochromator.—Jacquinot has shown that 
a grating achieves its optimum efficiency when working in the Littrow arrange- 
ment. Under these circumstances the width of the entrance slit subtends an 
angle ¢ at the collimator such that 


= 


2 tan 6 

al (x) 
where @ is the blaze angle of the grating and R is the geometrical resolving power 
of the spectrograph, which is assumed to be smaller than its theoretical resolving 
power. When this spectrograph is combined with a telescope so that the focal 
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ratio of the telescope is the same as that of the spectrograph collimator, the slit 
width projected on the sky subtends an angle ¢’, where 


,_ 2tan 6. D, . 

$ R D, ’ ( ) 

D, is the diameter of the spectrograph collimator, and D, is the diameter of 
the telescope objective. Fig. 1 shows this relationship for a diffraction grating 


with a blaze angle of 30 °. 
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Fic. 1.—Compartson of the angular slit widths for Fabry-Perot and grating monochromators used 
with a telescope at various wavelength resolutions. 


In practice the gratings used are rarely large enough for the slit to admit all 
the light from a scintillating star image, except at low resolution. For 
(5) the coudé spectrograph of the 100 inch telescope at Mt Wilson, which has an 
8 inch grating, begins to lose an appreciable amount of light at the slit when the 
resolving power is about 4000. Problems exist which require resolving powers 
of at least 200000, and the use of an F-P in series with the grating permits the 
resolving power to be increased without the slit being narrowed, 
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Fic. 2.— Optical system of a Fabry-Perot monochromator, 


3. Theory of the Fabry-Perot monochromator.—The Fabry-Perot inter- 
ferometer placed in a collimated beam (Fig. 2) acts as an interference filter with 
a number of transmission bands whose width and spacing can, within limits, be 
suitably chosen, and whose position in the spectrum can be continuously varied. 


43 
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If one of these bands is isolated by an auxiliary tunable filter (a pre- 
monochromator), the arrangement becomes a scanning monochromator. An 
existing spectrograph may conveniently be used as this auxiliary filter and need 
only have an instrumental profile whose base is twice as wide as the separation of 
the transmission bands (W). ‘The resolving power of the complete system is 
then that of the interferometer (Fig. 3). 

If w is the width at half intensity of one of the bands, the ratio W/w is called 
the finesse (NV). ‘The spectrograph slit may thus be N times wider than would be 
the case if the spectrograph alone achieved the same resolution. For images that 
are larger than the widened slit there is a gain in light of NT, where T is the peak 
transmission of the F—P. With emission line spectra it is often possible to exceed 


PRE ~ MONOCHROMATOR 
‘ PROFILE 














Fic. 3.—JIntensity profiles for a Fabry-Perot monochromator and its associated 
pre-monochromator. 


this gain, since the spectrograph slit may be further widened, thus allowing 
several of the transmission bands to pass (provided that light is not admitted in 
these additional bands which will interfere with the observations). 

The maximum value which the product NT may take for a practical F—P has 
been discussed by Chabbal (6), and his conclusions may be summarized as 
follows. Any pair of optical flats will have surface irregularities which ulti- 
mately limit the attainable finesse. If N, is this limiting finesse, it is because 
the amplitude of the surface defects is about 1/N, of a fringe. ‘To attain this 
finesse the surfaces must be given a very high reflectivity, and if the reflectivity 
is lowered the effective finesse will decrease to a value Ny given approximately by 


I I I 

Nz a Np * Ne (3) 

Np is called the finesse of the coatings and is approximately 3/(1 — R), R being 
their reflectivity. The peak transmission increases as the coating finesse 
decreases, such that 

T=N;/Np (4) 

neglecting absorption losses. 

The reflectivity of the coatings should be chosen to maximize NT, and from 
equations (3) and (4) the maximum value of this product occurs when Np= Np 
so that 


N,T=N,/2. (5) 
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Although the reflectivity of the coatings should be matched to the surface quality 
of the flats used, this matching is not critical. N,7 will exceed 80 per cent of its 
maximum value if 


Np/2< Ng<2Np. (6) 


The above analysis shows that the gain in light obtained for a given resolution 
is directly proportional to Np, i.e. the flatness of the interferometer plates. It is 
found in practice that interferometer plates possess large-scale irregularities, 
which means that N, will depend on the area of surface used. We have made 
measurements of Np on a good pair of optical flats with high reflectivity coatings, 
and found values of 28 and 31 for circular areas of tomm and 3mm diameter 
respectively. 

The interferometer should thus be reduced to the minimum permissible size 
in order to increase Np. This can only be achieved in practice by either reducing 
the focal length of the collimator lens (Fig. 2) or by increasing the focal ratio of 
the beam from the pre-monochromator. In each case the angle (a), subtended 
at the collimator by an aperture which defines a given range in the pre- 
monochromator spectrum, will increase. The limit to this angle is set by the 
resolution required (R). Rays from the edge of the aperture will strike the inter- 
ferometer at a small angle to the normal and the channelled spectrum of this light 
will be displaced from that due to rays from the centre of the aperture. This 
effect broadens each of the transmission bands (also reducing its peak intensity) 
and the permissible broadening will be fixed by the resolution. A graph is given 
(Fig. 4) of the way in which finesse and peak transmission vary with Ra*. The 
entrance aperture, which is now a circular hole instead of a slit, should be made 
to subtend as small an angle as possible by using a relatively large area of optical 
flat, but for any pair of flats there will be a compromise between the size set by 
this requirement and that set by the irregularities of the surfaces. 
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a a mess 25 as 
Fic. 4.—Variation of transmission T, finesse Ng and their product NgT with Ra* 
(R=resolution, «=angular slit width in radians) for an on-axis F-P. The curves are plotted 
from data given by Chabbal (7). 
It is possible to make the effect of the finite size of the aperture very small if 
we fulfil the condition 
at=1/R (7) 


and even for the highest resolution at the focus of the largest telescope the flats 
required for ¢’, say 5 seconds of arc, are still very small (Fig. 1), so that the effects 
of finite aperture need reduce our previously deduced gain by only a few per cent. 


43° 
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4. Wavelength scanning.—There are three ways of varying the wavelength 
passed by an F-P. The wavelengths of the pass bands, A, are given by 


jm Ht Cos B (8) 
p 
where ¢ is the separation of the plates, and p (the order of interference) is an 
integer: jis the refractive index of the medium between the plates and f is the 
angle at which the light is refracted in the spacer medium. It is thus possible to 
vary A continuously by variation of either y, t, or B. 

There is often a practical limit to the range of wavelength which may be 
covered by varying one parameter alone. It is possible with some methods to 
increase this range by ‘‘sawtooth scanning’’ in which the F-—P and pre- 
monochromator are scanned together through an exact number of orders of the 
interferometer. The pre-monochromator then remains at a fixed wavelength 
whilst the F—P is quickly returned to its original state, whereupon the scan may 
continue. The saw-tooth method is only necessary when the range of wave- 
lengths to be scanned is large. When this range is many (say 100) times the 
instrumental resolution the advantage of speed which the photomultiplier enjoys 
over the photographic plate is lost. There remain the advantages of linearity, 
lack of saturation and immediate presentation of results. 

Mechanical means of varying the plate separation have been tried in several 
laboratories, and systems using springs, piezo-electric effect and thermal expansion 
have been developed (8). The F—P plates must be maintained so nearly parallel 
that any change in separation across the plates during a scan is much smaller than 
A/Ny. ‘This would be difficult to achieve for a mechanically scanned interfero- 
meter used on a telescope at varying orientations, although the method might well 
be employed at a coudé focus. 

The simplest method of scanning is to vary the angle of incidence by tilting 
the interferometer. This method has been used by Geake and Wilcock (4). As 
the wavelength scan is non-linear in f, the effect of the finite width of the entrance 
aperture varies through a scan causing the instrumental profile to change, both 
finesse and peak transmission being reduced as f increases. These effects 
become smaller as the diameter of the F—P is increased, but the quality of the flat 
surfaces available limits the extent to which this increase is profitable. 

The way in which the profile and transmission of a tilting interferometer 
vary throughout a scan has been considered approximately by Geake and Wilcock 
and by the authors. Fig. 5(a) and (6) shows by means of graphs derived 
theoretically how large this effect is in a particular case. 

These effects can be important in astronomical observations. For example, 
this variation of the instrumental profile during a scan greatly complicates the 
study of line profiles, while the change in transmission involves a large correction 
when the relative intensities of lines are to be determined. In all scanning 
systems there are other complications due to the variation of illumination of the 
entrance aperture caused by ‘‘seeing’’. These complications may be avoided 
for the on-axis F—P if its size fulfils the conditions we have given (eqn. (7)), but 
they are more important for the tilting F-P. An analysis of these effects will be 
published in detail elsewhere. 

The method of scanning most suitable for use on a telescope is that of variation 
of the refractive index of the spacer medium by change of gas pressure. It is 
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easily shown that a variation 5y in spacer refractive index will change the wave- 
length of a pass-band originally at A by an amount 4A given by 
SA Su 
Whee ra (9) 
For small changes in the pressure of a gas, the refractivity (4 — 1) is proportional 
to pressure, and as the refractive index of air is 1-0003 at NTP, a change of one 
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Fic. 5.—Deterioration of the profile and transmission of a tilting F-P compared to an on-axis 
F-P as each is scanned in wavelength. 
W=10 A. w=0.5 A, 
a=15 min. of arc. A= 4340 A. 








atmosphere in the pressure of an air spacing layer will move the interferometer 
pass-bands 1-2A at A4000. Previous workers (9) have used such [pressure 
changes, but when using the interferometer astronomically it is often necessary 
to scan a range greater than1A. It was therefore desirable to find gases of higher 
refractivity than air and also to use pressures of several atmospheres. This latter 
requirement was found to simplify the problem since pressure controllers to deal 
with a few atmospheres pressure are readily available, whilst experimenters 
working with lower pressures have normally developed their own pressure 


controls. 
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Table I lists some of the gases that have been found useful for our purposes, 
together with the vapour pressure at o °C and the range scanned per atmosphere 
at 5,000 A. 


Tase I 
Gas Oxygen Arcton12(CCIF;) Propane 
Range (A/atmos.) I'5 3°5 5°5 
Vapour pressure at o °C (atmos.) — 34 6 

5. Astronomical experiments with an interferometer.—It was decided to test 
these theoretical conclusions by the addition of a pressure-scanned interfero- 
meter to a photoelectric spectrophotometer built by Geake and Wilcock (10). 
The complete apparatus was fitted to the 120cm telescope of the University of 
Padua at Asiago, and experimental scans were made of the spectra of stars and 
nebulae during November and December 1957. 

The spectrophotometer used was not ideally suited to our needs. One of the 
difficulties lay in its non-linear dispersion. It is necessary to scan the pre- 
monochromator and interferometer through the spectrum at the same rate, and 
the prism optics of the former gave a scanning rate which varied with wavelength 
in a different way to that of the interferometer. In addition, the rapid decrease 
of the transmission of the pre-monochromator towards the violet severely limited 
the utility of the apparatus in tackling problems of astrophysical interest. For 
these reasons experiments were chosen which exhibited the useful features of the 
Fabry-Perot monochromator and which provided information for the design of 
future instruments to suit particular observational needs. 

On a typical night at Asiago, 70 per cent of a star’s light falls inside a slit 4” 
wide (although the visual image appears to be much smaller than this) corre- 
sponding to6A at Hy. If the slit is narrowed to 0”-4 (0-6 A) only 8 per cent of 
the starlight is passed. With such narrow slits, the fluctuations in intensity at 
the photocell are very large, and make great demands on the system of compen- 
sation (10). The addition of an interferometer should permit a resolution of 
0-3 A to be attained (equivalent to 9 A/mm with a typical photographic spectro- 
graph) while keeping the slits sufficiently wide to transmit 70 per cent of the 
starlight. The interferometer losses reduce this to effectively 50 per cent. 

6. The optical system.—Arrangements already existed which produced a 
collimated beam 1 cm in diameter between the exit slit of the monochromator 
and the photomultiplier; the pressure chamber containing the interferometer 
was inserted there. The chamber was connected by a flexible tube to a motor- 
driven pressure controller which was situated on the Newtonian platform together 
with the gas cylinders, while the monochromator was mounted at the Newtonian 
focus. The total weight added to the monochromator was 8lb. The interfero- 
meter was of conventional design and contained a pair of 7cm diameter flats (of 
which the central centimetre was used) separated by three mica discs about 3 mm 
in diameter. The flats were adjusted for parallelism using a monochromatic 
source before commencing observations, and were found to retain their adjust- 
ment throughout the night. 

7. Pressure control.—A pressure system (Fig. 6) was constructed by means of 
which the pressure around an F—P could be varied over a range of nearly 5 atmos- 
pheres. ‘The pressure chamber had } inch thick windows of 2 inch clear diameter 
and was tested to withstand a pressure differential of 120 lb persq.in. The gas was 
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led by a flexible metal pipe from a commercial pressure controller* which could 
be driven through change gears by a synchronous motor. The pressure could be 
increased linearly with time to a value of up to 65 lb per sq. in. above atmospheric 
pressure, the maximum value being adjustable. When this value was attained 
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Fic. 6.—The pressure system. 


a magnetic release valve allowed the pressure to fall to the atmospheric value, and 
the cycle could be repeated. A Bourdon pressure gauge and an electrical pressure 
gauge were connected to the system. It was found that the pressure (and hence 
wavelength) scan was linear with time to an accuracy of 1 per cent but that this 
accuracy was determined by the mechanical drive and not by the controller. A 
series of measurements of the linearity and reproducibility of the pressure 
controller are in progress, and preliminary results indicate a reproducibility of 
pressure of better than + 1mm of mercury. 

No difficulties were experienced with the apparatus in practice. It was how- 
ever thought advisable to release the propane to the open air after use, though 
there was little danger of achieving an explosive concentration. Both the prism 
of the pre-monochromator and the pressure controller were driven by synchronous 
motors. ‘To synchronize the two scanning rates, the former was driven by a 
variable frequency oscillator, which was adjusted for each different wavelength 
region studied. 

8. Finesse and transmission measurements,—Measurements of the finesse and 
transmission of the F-P were made by using the helium emission line as a mono- 
chromatic source. ‘The light from a helium lamp fell on the entrance slit of the 
prism monochromator, and the exit slit transmitted the light of a single line. 
This light then passed through the F—P (Fig. 2) to the detector. As the pressure 
around the interferometer was varied the instrumental profile was recorded, 
thus permitting measurements of finesse. ‘The F—P was then removed, and the 
intensity of the incident light measured. The peak transmission could thus be 
determined (Table II). This experiment was repeated at several different wave- 
lengths. 


* Edwards Type No. VPC1. 
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Taste II 

Wavelength (A) 3889 4026 4120 4387 4471 4921 5015 5047 

Finesse Nz 7 II 10 18 19 15 14 16 

Transmission (per cent) 65 65 55 55 50 65 95 85 

NT, 45 7°09 55 100 95 10°O 13°§ 13°5 

The transmission measurements have a low accuracy (+5 per cent) as the 
mechanical arrangements did not permit the removal of the F—P without dis- 
turbing the photomultiplier. It is, however, clear that values of N,T (i.e. light 
gain) of about 13 have been achieved. The reflecting stacks used were made from 
zinc sulphide and cryolite and below A 4 400 their absorption became important. 
The effect of absorption has been neglected in the simple theory given earlier. 
For the shorter wavelengths antimony trioxide would have been a more suitable 
substance than zinc sulphide (11). The present coatings are usable only over a 
range of about 1000A but broad-band multilayers have been developed (12), and it 
should be possible to have a single pair of flats coated to cover the range from 
A3 500 to 6000. Metal coatings are unsuitable because of their large absorption 
losses (13). 

It is possible to achieve higher values of the product N,T than we attained. 
The full finesse of the flats used was not realised in these experiments, as there 
was some minor distortion of them caused by the holder. Several other workers 
have claimed that their best flats had a limiting finesse of about 50, so for these 
a value of N,T of about 25 should be possible. 

g. Tests of the apparatus.—The apparatus was used on several nights to study 
the spectra of nebulae and stars, including the planetary nebula NGC 7662, the 
Orion Nebula, « Aur, w U Ma and 8 Per. The discussion will be limited to 


those spectra for which comparison scans exist showing the performance of the 
monochromator alone. Two comparisons are given for both emission line 
objects and absorption line objects, the first being a laboratory test, and the 
second a test of the apparatus on the telescope. 


(a) Emission line objects 

It is often desirable to observe the relative intensities of close doublets in the 
spectra of nebulae, for which purpose a resolution of 1A is sufficient. A typical 
case is the (O11) doublet at A3726, 3729 whose relative intensities lead to a 
measure of electron temperature and density (14). This resolution also allows 
the radial velocity of nebulae to be determined with a precision of a few km/sec. 
A laboratory observation of a line showing suitable structure was made on the 
potassium doublet at A4044, 4047. The spectrograph slit was weakly illumi- 
nated by a rubidium lamp in which potassium was an impurity. The lines were 
first scanned by the monochromator alone with 50 slits giving a resolution of 1A. 
The trace (Fig. 7 (a)) is very noisy, owing to the small quantity of light reaching 
the detector. To obtain a less noisy spectrum in the same observation time, the 
slits were then opened to 460; under these conditions the presence of the lines 
was established (Fig. 7(b)) but they were not resolved. The F-P was then 
inserted and the line once more scanned with the wide slit at the same speed 
(Fig. 7 (c)). The resolution was then similar to Fig. 7 (a) but the signal/noise ratio 
had increased. 

The low ultra-violet transmission of our pre-monochromator prevented an 
observation of the 43726 doublet and so the (Omr) lines at 44959 and A 5007, 
which exhibit a similar intensity to the (O11) doublet were recorded using several 
nebulae as sources. 
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The spectrograph alone was first used on the Orion nebula with 750, slits, 
corresponding to a resolution of 32A (Fig. 8(a)). The F—P was then inserted, 
and the two lines scanned again in the same total time as (a), but with 1A 


Fic. 7.—A recording of the potassium lines at 4044 (X) and \ 4047 (Y) froma 
discharge tube. 








Fic. 8.—A recording of the O 111 lines at 4 4959 and 4 5007 from the Orion Nebula. 
(a) Pre-monochromator alone. (b) With F-P. 


resolution (b). Since the approximate separation of the lines was known, the region 
between, being irrelevant, was omitted. Here the two observations are equally 
valuable for determining the relative intensities of the lines because of their wide 
separation but, as Fig. 7 has shown, the F—P technique is necessary for the study 
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of intensities of close doublets in the spectrum of faint extended objects. For 
radial velocity determination the F-P scans will always be superior. Although 
the scans of the Orion nebula with the F-P show no line broadening due to 
internal motion of the source, this was distinctly visible on scans of NGC 7662. 
(6) Absorption line objects 

(i) The Hy line in scattered sunlight.—The F-P monochromator was used to 
record the spectrum of the daytime sky, which Geake and Wilcock (4) had pre- 
viously observed with the same spectrograph and a tilting interferometer. A 
comparison of the two F—P arrangements is thus possible. The spectrograph 
slit was illuminated by the sky reflected from a plane mirror. 











(a) (d) 
Fic. 9.— Spectrum of scattered sunlight (blue sky) in the region of Hy. 

Traces (a) and (6) of Fig. 9 are by Geake and Wilcock. The length of 
spectrum is 20A and the resolution 1:2A. ‘Trace (a) was with the monochro- 
mator alone and shows photon shot noise, trace (6) with the tilting interferometer 
does not. The scanning rate was 16 seconds per resolved width of spectrum. 
Trace (c) was with the pressure-scanning interferometer at a resolution of o-25A 
(pre-monochromator slit width corresponding to 3A) and the scanning rate was 
6 seconds per resolved width of spectrum. To confirm that the resolution 
claimed here had been achieved the relevant section of the Utrecht Atlas of the 
Solar Spectrum (15) was convoluted with a triangular profile of o-25A half-width 
and this is shown in Fig. 9(d). Features just resolved in (d) are seen in (c) 
although the departure of the instrumental profile from the assumed triangular 
one is responsible for some “‘filling-in’’ of the narrowest lines. 

It is instructive to notice why the gain of the tilting interferometer was so 
small. When the interferometer had been tilted to scan 20A, the angle sub- 
tended by the monochromator slit at the interferometer increased the instrumental 
half-width from 1-0 to 1-2A. At Hy the resolution of the monochromator alone 
with the same slit-vidth would be 5A, giving a maximum gain of 4:2 even if the 
interferometer transmission were 100 per cent. Under the conditions of the 
experiment the actual transmission was about 70 per cent, leading to a gain of 3. 

(ii) The Hy line in the spectrum of o U Ma. It was decided to test the instru- 
ment on a G star and in the same wavelength region as the tracings of the solar 
spectrum to offer further comparisons. The star chosen was o U Ma (3™5). 
In a photoelectric spectrograph, scintillation of the star image on the spectro- 
graph slit may be an important source of noise. Normally a compensation 
system is fitted to the spectrograph to deal with this problem, but for the arrange- 
ment used at Asiago the compensation system required a delicate adjustment of 
the positions of two photomultipliers. The arrangements for inserting the 
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interferometer prevented this adjustment and this resulted in the tracings with the 
interferometer being made without the full benefit of the compensation system. 
This necessitated spectrograph slits wide enough to include most of the star 
image all the time. Measurements were made to ascertain the fraction of star- 
light passing the spectrograph slit for various widths, and to determine the 
intensity fluctuations with these widths. On three different nights, the pro- 
jected slit widths admitting 70 per cent of the light were 3”, 3°-6 and 4"-6, corre- 
sponding to slit widths of 1704, 2004 and 250. The slit width adopted to 
give adequate freedom from noise was 400u. As before, published scans by 
Geake and Wilcock are used for comparison; these were made with the com- 
pensation system in adjustment. 

The tracings of the spectrum are shown in Fig. 10. Those of Fig. 10 (a) are 
with the spectrograph alone. Here the resolution is 2A and the slit width 75». 
‘l'wo scans are shown so that features due to noise can be distinguished and on 
these tracings one can only be certain of a single absorption line. Trace (6) with 
the tilting F—-P shows far less noise, but the 400 entrance slit used limited its 
resolution to 2A. This prevented the separation of Hy from a blend of lines to 


= > 
—_——-- = 
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Fic. 10.—The spectrum of o U Ma covering the same spectral range as Fig. 9. (a) Two 
successive scans with the monochromator alone. (b) Two scans with the tilting F-P. (c) Two scans 
with the pressure-scanned F-P. 

the violet, which may be seen by comparison with Fig. 9. The tracings with the 
pressure scanned F—P (c) were made at a resolution of o-7A (with a pre- 
monochromator slit width also of 400) and are clearly better, as they show all 
the features of Fig. 9(b). Despite the higher resolution of the pressure scans, 
all were at the same rate of 20sec per resolved spectral width. This necesearily 
introduced photon shot noise in the high resolution tracings. 

10. Conclusions.—It has been shown that the F-P monochromator can provide 
a given spectral resolution with wider slits than dispersive instruments alone. 
The imperfections of optical surfaces limited the gain of light to a value of 13 
in our experiments, but it should be possible to extend this by a further factor of 
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two by using better optical flats. The technique of tuning an F-P mono- 
chromator by pressure variation has been extended to allow a range of ebout 
20A, thus permitting the instrument to be used at low resolution. 

Astronomical experiments have shown that the F—P technique can be applied 
to the study of line intensities in emission nebulae. In this field useful obser- 
vations can be obtained with telescopes of all sizes. Work is in progress on an 
instrument to study the relative intensities and Doppler shifts in the (O11) 
doublet (A 3727) in nebular spectra. 

The experiments have also shown that the F—P technique can improve the 
performance of a photoelectric stellar spectrograph in two ways. The wider 
slits that can be used reduce the intensity fluctuations caused by movement of the 
stellar image over the slit and at the same time allow an increased amount of light 
to fall on the detector. A small telescope may be equipped with a diffraction 
grating large enough to allow all the light in a stellar image to pass when used at 
low or moderate resolution, and therefore does not need an F—P. The low flux- 
gathering power of such a telescope will handicap its use for observations at high 
resolution. However, large telescopes cannot at present be fitted with gratings 
that are large enough to allow an efficient use of the flux collected from stars 
except at low resolution. It is to such instruments that an F—P stage may be added 
advantageously. For example the slit of the coudé spectrograph attached to the 
100 inch telescope transmits about 6 per cent of the light from a star when the 
resolution is 0-1 A. The addition of an F—P stage (1cm diameter flats) would 
permit a resolution of 0-05 A to be attained whilst using 50 per cent of the starlight. 
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THE EMISSION LINE SPECTRUM OF THE ECLIPSING VARIABLE 
AR PAVONIS 


A. D. Thackeray 


(Received 1959 May 14) 


Summary 


The bright line spectrum of AR Pav is described. During eclipse the 
intensity of the H lines weakens relative to the nebular lines; He 1 weakens 
more, while He 11 4686 nearly disappears. Stratification as in a planetary 
nebula is suggested. 

In the P Cyg structure of the Balmer lines the red component is always 
stronger than the violet, but equality is approached for over 1oo days 
following eclipse. The separation of the components narrows during 
eclipse by an amount which varies in different cycles. Outside eclipse the 
mean separation obeys Struve’s relation V*cc P-* for gaseous Tings. 

A model of a thick ring subject to differential rotation is considered 
and profiles computed geometrically for various types of eclipse. The 
observed narrowing of components is not reproduced in this model. As an 
alternative an expanding ring is considered briefly, and this model predicts 
symmetrical narrowing during eclipse. 





1. Introduction.—The eclipsing variable AR Pav* discovered by Mrs Mayall 


(1), who discussed the light-curve, is of outstanding interest for several reasons. 
The period (605 days) is among the longest known for an eclipsing variable. The 
light-curve shows fluctuations of over a magnitude from the mean curve, 

Added to this the hydrogen lines of AR Pav appear bright with P Cyg-like 
structure. The only other known P Cyg star which varies regularly like an 
eclipsing variable is GG Car. 

Radcliffe spectra of AR Pav, described in an earlier note (2), showed that the 
spectrum is exceedingly complex, consisting of three or four parts: 

(1a) a high excitation nebular emission spectrum ; 

(15) arelatively low-excitation emission spectrum (Fe 11 and [Fe 11]); 

(2) a continuum with superposed supergiant absorption (Ti 1 etc.); and 

(3) a late-type absorption spectrum including Ti O bands. 
(1a) persists through eclipse, (1) is more easily seen during eclipse, (3) is seen only 
during eclipse. (2) was peculiarly strong during emergence from the 1954 eclipse 
and has appeared irregularly at other times. There is some indication that it is 
prominent when the star is unusually bright compared with the mean light-curve. 

This paper deals solely with the emission spectrum (1), particularly during 
eclipse. 47 spectra taken with the 2-prism Cassegrain spectrograph attached to 
the Radcliffe reflector are available, of which 15, 30 and 2 were at dispersions of 
86, 49 and 29 A/mm at Hy respectively. I am indebted to Dr M. W. Feast for 
taking 7 of these plates, and to Dr A. J. Wesselink for one. The remainder were 
taken by the writer. 


*CPD —66° 3307’, R.A. 18% 15™-4, Dec. —66° 06’ (1950), 10°2 to 12°7m with — 
fluctuations. 
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2. Representative elements in emission. 

H. The Balmer lines are strong, Hf being the strongest bright line in the 
photographic region. Hy, Hé can be resolved into two components 
with suitable exposures (see following sections). 

He 1. Well represented. 

He. Outside eclipse, 4686 is the strongest line following HB. The Pickering 
series has not been observed. 

Ci. 4267 is weakly present on some plates. 

C il. 4649 is quite strong. 

Nl. 4640, 4634, 4097 are present. 4640 and C 111 4649 are about equally 
strong. 

[Om]. 3727 is not found on our plates. 

[O mt]. 5007, 4363, 4959 (in decreasing order of intensity) are strong. 

[Ne 111]. 3868, 3967 are quite strong. 

[S11]. 4068, 4076 appear to be weakly present on a few plates. 

Fell. 4233, 4583, etc., are found on a few plates, especially during eclipse. 

[Fett]. 4244, 4287 are likewise seen occasionally. 

3. Structure of emission lines.—The lines due to He 1, [O 111], [Ne 111] appear to 
be quite sharp. On the other hand the Balmer lines have P Cyg structure of 
Beals’ type III (3). Mrs Mayall (1) found violet-displaced absorption on Harvard 
spectra; a secondary emission peak to the violet of the absorption appears on 
nearly all Radcliffe spectra. The ratio of intensity R/V varies but has never been 
found less than 1. 

He 11 4686 always appears diffuse, and on one plate (29 A/mm) is resolved into 
two diffuse components of equal intensity; the only other plate at this dispersion 
is too densely exposed for resolution. Were it not for the intrinsic diffuseness 
of the lines it seems certain that plates at lower dispersion would have commonly 
revealed doubling of 4686 similar to that of Hy and H8. 

No other lines have been resolved into two components like those of H and of 
He 11 4686. One plate shows a weak companion to the violet of [Ne 111] 3868-74 
but this is attributed to He 1 3868-48. 

4. Separation of emission components.—The separation of Hy, Hd emission 
components has been measured on 27 plates. Expressed in km/s there is no 
significant difference between the measured separations on any one plate; for 
plates where it is possible to measure both separations the mean difference Hy-H8 
is found to be + 3:2+8-7km/s. The separation is plotted against phase according 
to Mrs Mayall’s ephemeris in Fig. 1. In view of the marked changes in light from 
cycle to cycle, different symbols are used to distinguish successive cycles (from 
phase —300 to +300 days). Cycle IV (1957), the only occasion when it was 
possible to secure observations on both sides of the minimum, has successive 
points joined. 

There is a definite narrowing of the separation during eclipse shown by 
various cycles. Observations of separation during eclipse are difficult; many 
spectra available at this phase (when the star is at 12 or 13 m) had to be made at 
86 A/mm and the components are consequently unresolved. But there is only 
one observation in Fig. 1 outside of eclipse (at phase — 155d) where the separation 
was comparable with what is normally found during eclipse. 

Fig. 1 also shows a tendency for the separation to be larger after eclipse than 
before. However, the bulk of the post-eclipse observations refer to cycle II (1954) 
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when as previously remarked the spectrum 2 (continuum plus super-giant 
absorption) was peculiarly strong. So far, there is no convincing evidence of a 
systematic difference in separation before and after eclipse. 

The one observation of double He 11 4686 (at phase + 261d) yielded a separa- 
tion of 137 km/s as compared with 111 km/s for Hy and H8. 
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Fic. 1.— Separation of hydrogen corsponents as function of phase. 
Cycle I: O (1953), 
IT: + (1954), 
III: X (1955-56), 
IV: @ (1957-58), 
V: & (1959). 





5. Intensity ratios of components.—Visual estimates of intensities of the two 
hydrogen components have been made. The ratio R/V (on logarithmic scale) is 
plotted against phase in Fig. 2, where the various cycles are again distinguished. 

Despite considerable scatter, which can only be due to observational error in a 
minor degree, there is a remarkable tendency for R/V to diminish steadily from 
phase —250 too days; while for nearly 200 days following eclipse R/V is only 
slightly greater than 1. 
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Fic. 2.—Ratio of hydrogen a Different cycles are distinguished 
as in Fig. t. 











632 A. D. Thackeray Vol. 119 


6. Intensities of emission lines during eclipse-—The nebular spectrum persists 
through eclipse. Owing to the longer exposures required at that phase, and to 
other factors, it is impossible to compare absolute intensities in and outside eclipse 
from the available material. However, relative intensities of various lines can 
be estimated with considerable accuracy and these show very interesting changes. 
Easily the most marked refers to He 11 4686 which nearly disappears during eclipse. 
As a comparison line [O 111] 4363, which probably varies little in absolute intensity, 
has been used. Relative intensities 4686/4363 are plotted in Fig. 3 (lower). This 
plot shows a striking resemblance to Mrs Mayall’s light-curve (1). 

Fig. 3 (upper) shows the ratio He 4471/[O 111] 4363 plotted against phase, 
from which it can be seen that the helium line also fades during eclipse, but much 
less than He 11 4686. ‘The Balmer lines fade still less (relative to 4363) perhaps to 
half the extent of He 4471. On the other hand, the faint lines of [Fe 11] are more 
easily seen during eclipse. 
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Fic. 3.—Intensity of He I (upper) and He II (lower) relative to nebular line 4363 against phase. 
Different cycles are distinguished as in Fig. 1. 


7. Discussion.—Since we find that the depth of the minimum is greatest in the 
light of He 11 4686, smaller progressively in He 1, H and the nebular lines, it is 
reasonable to suppose that the body suffering eclipse consists of a large nebulous 
mass with strongly concentrated emission of He 11 4686 towards the centre, less 
strongly concentrated emission of He 1 and H, the whole system being diffused 
with forbidden nebular emission. This is strongly reminiscent of the stratification 
of ions in a planetary nebula with the smallest images given by He 11 4686. How- 
ever, the great strength of [O 111] 4363 in AR Pav distinguishes it from a planetary 
nebula, and points to a higher density in AR Pav (4). 

It would be premature at this stage to attempt to propose a model to account for 
the many complex phenomena exhibited by AR Pav. Data on the possibility 
of orbital motion and on the absorption spectra are still too fragmentary. But 
the behaviour of the double emission components does call for some discussion. 
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Fig. 2 shows that the red component of the H lines is much stronger than the 
violet component before eclipse, while for a long time afterwards the two compon- 
ents are nearly equal in intensity. ‘This is rather reminiscent of the eclipse of the 
gaseous ring surrounding RW Tau studied by Joy (5). 

In all the gaseous rings studied by Struve (6) the violet component is weak or 
invisible at the beginning of eclipse, while at the end of eclipse the same is true of 
the red component. The gaseous rings are therefore rotating in the same sense 
as the orbital motions of the binaries. Struve has shown that the velocity V, in 
the rotating ring is roughly related to the period P of the binary by the Keplerian 
relation 

Via P-. 

It is a remarkable fact that the emission components of AR Pav, outside eclipse, 
closely obey this relationship with the same constant. From 16 measures of the 
components in AR Pav taken 60 days or more from minimum we find a mean 
separation of 114:1km/s. If, despite the unequal intensities of red and violet 
components, we treat them as due to receding and approaching portions of a 
circular gaseous ring, we have 57:0 km/s rotatory motion of the ring (the inclination 
must be nearly go°). This is entered in Fig. 4 against a period of 605 days for 
comparison with other rings (6). 
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Fic. 4.—Struve’s relation V8 x P-* for gaseous rings. The straight line indicates exact 
proportionality. x AR Pav; + GG Car. 


Unpublished observations by the writer of doubled hydrogen compenents in 
Radcliffe spectra of GG Car (period 62°) outside eclipse yield a velocity of 124 km/s 
for V,. Struve’s relation is also obeyed by GG Car. 

It is difficult to see why Struve’s relation should be so well obeyed since Pis the 
period of the binary while V, refers to the ring; Struve in discussing this has 
suggested that the similarity to Kepler’s law may be accidental. The relationship 
appears to imply that not only the various systems have similar masses but that 
4 
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there is a fixed relationship between the major axis of the binary and the diameter 
of the ring*. 

8. Eclipse of a differentially rotating ring.—Many years ago Struve (7) calcu- 
lated the emission profiles to be expected from a thin circular rotating ring. So far 
as the writer is aware, the case of a thick ring subject to differential rotation has not 
been examinedt. In the eclipse of such a ring, one expects that at minimum the 
faster rotating portions would be totally eclipsed while the slow-moving outer 
portions could remain in view. Hence during minimum the separation of double 
components might diminish, as we have found to be the case in AR Pav. Since 
the nebular spectrum appears to pervade the whole system of AR Pav it is logical 
to postulate a thick rather than a thin ring. 

The problem has been examined graphically. In Fig. 5 AA’B’B represents a 
quadrant of a ring about a central star O. OAB is the direction of the observer 
(assumed to be in the plane of the ring). Extension of the ring out of the plane 
of the paper is ignored. 











VY 
To Observer 


Fic. 5 


Assuming differential rotation, a point P in the ring has a circular velocity V 
around O given by 


V2=k/r 
P has polar coordinates, r, @ relative to O and the axis OA’B’. The radial velocity 
of P relative to the observer is 
p=Vcos8@. 
Consider the locus of points P with constant p. We have 


2 
r=k?//%= F cos? @ =A.cos*6 
p 


where A is constant. 


In order to study the emission profiles from the ring we assume that 
(1) the intensity of radiation from all parts of the ring is the same ; 
(2) scattering and absorption within the ring can be ignored ; 

(3) occultation by the central star can be neglected. 


* Pointed out by Dr A. J. Wesselink in conversation. 

+ A useful discussion of profiles in rings, with bibliography, appears in Chap. 3 of The Galactic 
Novae, C. Payne Gaposchkin, North Holland Publishing Co., 1957. The writer of this paper 
has not had access to Moving Envelopes of Stars V. V. Sobolev, Publ. Leningrad State University, 
1947. 
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We first plot loci of constant p. Such loci appear as dotted curves in Fig. 6 in equal 
steps of p. 

The ring drawn in Fig. 6 has inner and outer radii of 2 and 15 (arbitrary) units 
respectively. The areas enclosed between successive loci of constant p and the 
boundaries of this assumed ring were measured with a planimeter. With 
our assumptions, these areas correspond to the intensities in the emission profiles 
at certain values of p; between curves m and m+1 we have approximately the 
intensity of the profile for p= + }. 
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Fic. 6.—Computation of profile from differentially rotating ring. The dotted curves give 
loci of constant radial velocity relative to observer (r= A cos* 0), the attached numbers corresponding 
to the radial velocity p. The dashed lines (towards the observer) permit calculation of the emission 
profile during various stages of an eclipse of the ring (see text). 


The profile so obtained is what would be observed for the integrated light of the 
whole ring and is plotted in Fig. 7 (a). As compared with Struve’s (7) profile for a 
thin ring we have here faint wings added and rather greater intensity of the central 
plateau relative to the two peaks, 

In Fig. 6 we have also drawn dashed lines in the line of sight, in equal steps of 2 
units. The areas enclosed between these lines, the loci of constant p, and the 
boundaries of the ring were also measured with a planimeter. 
summation of the areas so found enables us to calculate the change in profile 
the partial phases of the eclipse by a body of diameter 2m units. In Fig. 7 (6)—(e) 
appear profiles at various stages of an eclipse by a sharp edged body with diameter 
12 units (as compared with the ring of inner and outer diameters 4 and 3ounite). 

This model fails to account for the observed effectsin AR Pav. At 
the faint outer extensions of the profile are extinguished, as expected, but there is a 


“4° 
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much more marked extinction of the central plateau; the velocities of the two 
peaks in the profile remain practically unchanged during the eclipse. Thereis thus 
no marked narrowing of the separation. 

The same result was obtained by assuming a different size for the eclipsing 
body, for a thinner ring, and even assuming a diffuse eclipsing body. For this 
diffuse body the assumed transmission was zero for radius 0 to 2 units, 1/3 for radius 
2 to 4 units, and 2/3 for radius 4 to 8 units. 
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Fic. 7.—Profiles from differentially rotating ring. Ring: inner diameter =4; outer diameter = 30. 
Eclipsing body: diameter=12, at distance x from line of sight to primary. 


(a) outside eclipse, 

(6) x=0 (central phase), 
(c) x=4, 

(d) x=6, 

(e) x=8. 


g. Expanding ring.—There appears to be greater hope of accounting for the 
observed narrowing of emission components in a model based on expansion. 

Consider a model in which the gas in a ring is expanding radially from the 
central star with a velocity proportional tor. The radial velocity relative to the 
observer is then proportional to r sin @, i.e. PN in Fig. 5. The loci of constant 
radial velocity become straight lines parallel to OA’B’. Their intercepts on the 
ring can be very easily calculated. 

Fig. 8 shows the profile of such an outwardly accelerated ring (full curve) with 
inner and outer diameters 12 and 15 units respectively. The dashed curve shows 
how the peaks are extinguished during the eclipse by a body with diameter 8 units. 
As before, the computed profile is based on the assumption of a uniformly radiating 
ring. It may be noted that in the case of an outwardly accelerated ring Rosseland 
(8) has shown that re-absorption cannot take place. 

The eclipsed profile of Fig. 8 yields peaks with a separation about 70 per cent 
that of the uneclipsed profile, as is observed in AR Pav. However, it is clear that 
the predicted profile will remain symmetrical at all phases of the eclipse, provided 
the motion outwards in the ring is symmetrical. This model will not account for 
the systematic change in R/V intensity exhibited by AR Pav before and after 
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eclipse. This latter feature is most easily understood in terms of a rotating model. 
Perhaps it will be necessary to assume a model combining both rotation and 
expansion to account for the two observed phenomena—narrowing of separation 
and change in R/V intensity. 
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Fic. 8.—Profile from outwardly accelerated ring (V =kr). 
Ring: inner diameter =12; outer diameter=15. 
Eclipsing body: diameter =8. 

Full curve: outside eclipse. 
Dashed curve: in eclipse (central phase). 











Rottenberg (9) has computed P Cyg profiles for expanding rings in which 
recombination of free electrons contributes to the radiation. His Figs. 5 and 6a 
correspond best to the type of profiles observed in the Balmer series of AR Pav. 
Computations of such profiles for various types of eclipsing bodies would be of 
considerable interest. 


I am grateful to Dr A. J. Wesselink for helpful comments on this paper. 


Radcliffe Observatory, 
Pretoria : 
1959 May. 


References 

(zr) M. W. Mayall, H.A., 105, 491, 1937. 

(2) A. D. Thackeray, Observatory, 74, 257, 1954. See also J. Sahade, Ap. F., 109, 541, 
1948, for a description of the spectrum in 1948 June, when some emission lines were 
accompanied by violet absorption. 

(3) C. S. Beals, Publ. D.A.O., TX, No. 2, 1950. 

(4) M. J. Seaton, Observatory, 75, 85, 1955. 

(5s) A. H. Joy, P.A.S.P., 54, 21, 1942; 59, 171, 1947- 

(6) O. Struve, Ap. 7., 103, 76, 1946; see also Struve, Stellar Evolution, p. 101, 1950. 

(7) O. Struve, Ap. F., 73, 100, 1931. 

(8) S. Rosseland, Theoretical Astrophysics, p. 332, 1936. 

(9) J. A. Rottenberg, M.N., 112, 125, 1952. 


Note added in proof.—Greenstein and Kraft (Ap. 7., 130, 99, 1959) have found 
a relative weakening of He 11 4686 during eclipse of Nova DQ Her which 
seems to be analogous to that reported here in AR Pav. 

1959 December. 
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Summary 


Newly determined radial velocities are given for 161 stars south of — 26°. 
Several nearby stars and stars of high velocity are included in this list and also 
nine stars from the galactic clusters NGC 2516 and 2547. Magnitudes and 
colours on the B, V system and spectral types on the MK system have been 
determined for all the stars. Photometric parallaxes have been deduced for 
41 non-multiple stars of luminosity class V and the corresponding space co- 
ordinates and space motions computed. 





The fundamental data given in this list form a continuation of, and are intended 
to be homogeneous with, those given in the First List (1). The great majority 
of the radial velocity plates have been measured by Dr Evans and Mr Menzies, 
but Dr Wayman has measured some plates for this list, which, with minor excep- 
tions, closes at 1958 July 1. The systematic corrections to be applied to the 
measures were evaluated in the usual way by measurement of plates of the reference 
stars, each plate being measured by all the measurers. The corrections in km/s 
that were actually applied to the measures are as follows :— 


toi %” “ce > ce ” 
a b c 


DSE AM DSE AM PAW DSE AM 
Before 1955 June 1 +17 +1°9 +o'7 +02 .. —I'2 —2'5 
1955 June 1—1956 May 31 ee ee +o'5 +07 .«- —o'9 —O'5 .:- 
1956 June 1—1957 May 31 +3°3. se —o73 +02... —19 —1I'9 .«- 
1957 June 1—1958 May 31 ee 6 —o'2 +04 +04 —1‘°9 —1I'3 —0O'9 


Several of the reference stars have now been observed so many times that 
greater weight should be attached to the results of these new observations than to 
the velocity given in the Mt Wilson Catalogue. The velocities of the reference 
stars have therefore been re-examined and what is hoped to be a system with a 
greater degree of internal consistency has been derived by forming weighted 
means of the catalogue values and the new results. In doing this all the Mt 
Wilson Catalogue plates were weighted as 4, the new a-dispersion plates as 4, 
b-dispersion plates as 3, and c-dispersion plates as 1. The results are shown in 
Table 1 in which the last three columns give for the three dispersions the actual 
number of new plates used in this examination. The weighted mean difference 
between these new adopted values and the original catalogue values is o-oo km/s. 

The magnitudes and colours given in Table 11 were, in general, derived from 
observations made with the Cape Astrographic Refractor or from a series of three- 
colour observations made with the Victoria Refractor which has been described 
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elsewhere (2). In either case, each star has received a minimum of four obser- 
vations on separate nights and the probable errors of the resulting magnitudes 
and colours as deduced from the internal agreement are + 0™-o05 and +0*-004 
respectively. The diaphragm of the Astrographic photometer has a diameter of 
go” and that of the Victoria photometer a diameter of 45” so that it has not been 
possible to measure individual magnitudes and colours for a number of stars with 
nearby companions. 

The photometric parallaxes, space coordinates and space motions given in 
Table III have been derived exactly as before. The proper motions given are 
the weighted mean of at least two sources, one of which was usually the Albany 
General Catalogue, and the other one of the more recent photographic catalogues. 
For some of the stars use was also made of the proper motions derived in the 
course of trigonometrical parallax observations. For only one star in Table III, 
No. 481, does the photometric parallax differ appreciably from a well determined 
trigonometrical parallax. If we accept the trigonometrical value, this star is 
apparently 1-3 magnitudes brighter than a normal F8 V star having the same 
measured colour. 

We would once again like to express our indebtedness to the Union Astronomer, 
Dr W. S. Finsen, who has kindly provided up-to-date information from the 
Union Observatory card catalogue for the double stars in this list. 
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101021 
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157457 
171391 
203638 
223647 
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Tas_e Il 





2 


HD A. : 2 Spec. Vel. (km/s) 





11112 . ? +35°7+0%4 
15451 , , +10°3+08 
18169 : ° +39°0+0°6 
20280 ; +14'9+1°0 
22946 ‘ +18-9+0°6 


+ APU 


26151 ] — r8t1°2 
+140+0°9 
+186+0°6 
30684 4 +43°0 +07 
36519 +51-9+0'5 

65 V +13°5+0°9 


26770 


-uth be eu 


39091 ' ; ; + g1t0'5 

$3705 33 V +86-4+0°4 

59468 ; + 341403 
— 60°945 , +18 +2 
— 60°947 , +17 +3 


ar hus 


65869 ‘ 9 V +20 +2 
65950 : +25°0+1'4 
65987 . +23 +2 
— 60°980 : +21°6+0°9 
66194 . , +22 +5 


>~>uuUuuwn 


68451 +201 +1°5 
68608 +14°4+1°'2 
70642 +48-1+0°4 
71701 +21°4t+0°3 
71805 ‘ ‘ + 78+0°5 


>A aDLASA 


74868 ; +21'1+0°3 
79837 — 47418 
79416 ; +154+1-7 
81044 , ‘ ; + 26-9413 


-~uh ew 


81575 , +39°9+0°7 
82455 . + 36:6+1°0 
83443 +27°6+0°5 
89090 . ; +324+06 
90589 — 53407 


>~>u So oS 


90519 ' — 86+06 
90520 +176+0%3 
90559 ' +15°3+06 
90740 — 24404 
93144 —10°1+0°9 





-~utruse 
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TaBie II (cont.) 











(1950) 
No. HD R.A. S. Dec V B-V Spec. Vel. (km/s) 


= 












h m ° . 
381 93173 | 10 42°6 | 43 42 | goo | +0°67 | G5 V +272407 | 4 
382 94906 54°5 | 30 56 | 7°42 | +033 | F2 V — g3to5 | 6 
383 98220 | 11 15:2 | 33 16 | 6°85 | +0°48 | Go IV-V +167+0°7 | 5 
384 99279 22'5 | 61 22 Mo V + 45t08 | 5 
385 100901 33°6 | 72 34 | 6°54 | +1518 | Kr IV + 2s5sto6 14 

















386 101266 364 | 45 05 | 9°29 | +0°65 +206+0°5 | § 
387 101493 38:1 | 42 53 | 862 | +047 | Fs V + 352t+13 14 
388 102438 44°8 | 30 00 | 648 | +068 | G5 V +118+08 | 5 
389 102596 46°0 | 47 17 | 800 | +1°43 | Kj Hl ~—Igotirs | 4 
390 102769 473 | 45 44 | 7°60 | +1°32 | Ki Il +161t0°9 | 4 









108309 | 12 24:2 | 48 38 | 6-25 | +067 | Gs IV-V +29°3+0°3 | 4 
392 109842 35°5 | 46 50 | 8:09 | +049 | F6 IV-V + Grt1'5 | 5 
393 110253 38:4 | 43 so | 6-76 | +1°28 | Kj Il + g1t06 | 4 
394 110619 41-0 | 37 26 | 7°52 | +0°66 | Gs V —22°5+07 | 4 
395 110838 42°6 | 47 54 | 666 | +1716 | Ki Ill +26-2+0°3 | 6 














396 111417 46°7 | 45 33 | 833 | +1°41 | K3 IV —160+0°5 | 5 
397 111535 47°6 | 46 57 | 7°97 | +045 | Fo IV —298+12 | 6 
398 111775 49°3 | 47 49 | 632 | +0°03 | Ao Il — 22t1r0o | § 
399 111777 49°4 | 56 17 | 845 | +060 | G3 V + 33407 | 4 
400 112213 52°5 | 42 39 | 5°46 | +1°69 | Mo III — 6o+0%4 | 6 





4c! 112437 54°3 | 46 56 | 8:18 | +124 | Ko III-IV | 4177406 1] 5 
402 112685 56°3 | 45 42 | 7°87 | +030 | F3 IV + g6+11 | 6 
403 113537 | 13 02°2 | 46 51 | 646 | +040 | Fs III — 14t1ro | 4 
404 116064 190 | 39 04 | 8-79 | +046 | Fop +1419+1°3 1 4 
405 117939 31°5 | 38 38 | 7°30 | +0°66 | G4 V +806+06 | 4 

















118646 35° 29 18 | 5°83 | +0739 | F6 IV-V + g:2to0°5 |11 
407 119985 44°6 | 45 49 | 8:54 | +063 | G3 IV-V +33'5t08 | 6 
408 120237 46°0 | 35 27 | 6-52 | +055 | G3 IV-V + 21t01 | 4 
409 121141 51-6 | 47 53 | 7°18 | +0°34 | F2 V —16 +2 6 
410 121746 55°3 | 48 13 | 7°36 | +046 | Fs IV —2g'5t1'0 | 4 
411 123682 | 14 07°: | 44 45 | 828:| +0°69:| Gs V +48-0+11 | 6 
412 126525 242 | 51 43 | 7°82 | +068 | Gs V +1r8to0'5 | 4 
413 128674 36°38 | 56 49 | 7°37 | +0°66 | Gs V +318t0'5 | 4 
414 129642 418 | 49 42 | 8:38 | +005 | K3 V — 46406 14 
415 130265 45°7 | 58 55 | 853 | +063 | G3 V —72°3+06 | 6 
416 130551 47°6 | 60 44 | 7°17 | +042 | F8 V +3271 +04 pe 
417 130807 484 | 43 22 | 432 | -—o12 | BB V + 74t101 
418 131078 49°7 | 46 26 | 815 | +070 | G5 V —I7It0'§ | 5 
419 131168 50°0 | 45 39 | 6-98 | —o'07 | B3 Ve +12. 24 7 
420 132785 59°3 | 48 20 | 9°31 | +0°37 | Fo Vn — &Ss5t2°2 14 
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Tase II (cont.) 





(1950) 


R.A. S. Dec Fe B-V 














129723 
133612 
133955 
134505 
137676 


138690 
139465 
142709 
143120 
143138 


143234 
144899 
146800 
149606 
149640 


151849 
151967 
152236 
152250 
152798 


153026 
154088 
154810 
155203 
155185 


155885 
— 46°11370 
160043 
162021 
162619 


166006 
172144 
172462 
173182 
173183 


173697 
173791 
174386 
174978 
I7§219 








87 
47 
45 
51 


+0°30 
+0'92 
— 0°20 
+0'90 
+0°77 


—0'°23 
+ 1°28 
+ 1°13 
+0°73 
+ 1°41 


+0°25 
+0°65 
+0°95 
+0°96 
+1°19 


+0°51 
+1°61 
+0°73 
+0°38 
+0°57 


+116 
+0°83 
+0°48 
+ 0°46 
+0°85 


+0°84 


+0°41 
+ 1°04 
+ 1°23 


+ 1°20 
+0°54 
+0°34 
+ 1°05 
+0'40 


+0°99 
+0°89 
+0°40 
+0°47 
+ 1°00 








Vel. (km/s) 











—i145t08 
one 7O°5 + o'6 
+ 88413 
—10°8+04 
~ 42°7+0°3 


—16 +3 

—22°1+0°5 
+35°6+0°9 
—236+08 
—20°6+0°6 


aes 23 

ia 2°5 +o0'9 
+ 1°2+0°6 
— 2°5 +o’7 
ihe 29°6 + o"7 


—16°5+1°2 
—40°7+0°4 
—34°0+ 1‘2 
—16 +2°5 
+ 84+0°9 


+42°5+0°7 
+142+0°4 
—26-0+0'9 
—26 +3 

—63;0+1°0 


oot+o4 
+208+0°8 
~~ FSL0F 
—22°9 + o'3 
—36:8+0°9 


—149t0°4 
+ 47+0°5 
+4r5ti4 
—141t0'9 
~~ 2°2+t0°7 


—28°3+0°5 
+ 97+t0%4 
—221+16 
— 4£0Otr! 
—21'0+0%4 





une > 


- AUuM S uuUuut wu +r OPS out b+ ut ALM ubub sl 


utr uww 
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Tasie II (cont.) 





(1950) 
HD R.A. S. Dec B-V . Vel. (km/s) 


= 





h m 4 . 

176427 | 18 58°8 | 44 13 ° +1442! 
177565 | 19 03°5 | 37 53 | & +585 +03 
177688 041 | 43 00 —106+0°8 
178395 06°8 | 42 49 —26'9+0°6 
181743 20'2 10 +18 +12 


185993 40°2 15 + 84403 
186012 34 — o5t1°9 
186682 44°3 50° x —11r2t0'9 
187369 48°0 13 ‘ —30°7t0°4 
188011 51°6 55 +37°7+08 


188903 ‘ — $2t12 
189140 §7°0 . ~33°5t0'4 
189585 8 + 56+07 
189631 ‘ ; — 69+t1°0 
190309 . ‘ —s70+to%4 


Aru woh > atl Os Ste allie ollie allie al 


190879 ; —576+08 
191190 ’ , —50°6+03 
191935 3 oases 
192071 : —15'5to 

192961 . ’ +29°9t0°9 


> Ahr 


196378 —3r2tors 
196227 : . +2r1t9309 
196829 . - —22'9t0'5 
198009 ; ’ —61'7+0°5 
199190 : ‘ —343t0%4 


200361 -— 78+to9 
200553 147 aos 
200525 : . — gito 

201245 , + 20+0%4 
202103 —~I29t1'1 


vuaAtht DD +ADDS 


202628 . +10°7+0°3 
203850 —42°1t0°7 
sorte . . bb db into 
ane : 2 —I199+t0 

208627 ; +13°440°3 


208710 P 2 —2770t 10 
210918 : ~198+03 
212038 , — o41t0°7 
214065 ‘ 4 + 38414 
222741 r + 81t09 





urhkpri dh UNAS S 
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Notes 


345 Velocity possibly variable. 

346, 7 ADS 3069 Bi. 8:1: 8-3, 27-03, 44°°3 (1955°01). 346 is sp, 347 nf. 

350 GC 7049. Fainter component of binary formed with No. 71. 

351 aw Men. 

352 HR 2667. Joint magnitude and colour with HR 2668. Tri. AB 5-8: 6-9, 20°53, 
123°°t (1930°52), AC 5°8: 9°3, 1847-8, 334°°4 (1900°60). 

354-360 Members of the open cluster NGC 2516. The mean velocity of these stars is 
+21 km/s. Magnitudes and colours derived from Ap.7., 121, 628. 

354  h4027 Quadruple AB 9:1: 9°6, 9°42, 114°°7 (1917°23), AC 9°1:?, 29:12, 283°°6 
(1872°18), AD g-1: 11°71, 46"-44, 277°-6 (1872-18). 

Interstellar H and K, +17 km/s. 

Interstellar K, +18 km/s. 

Hf emission, +28km/s. Difficult spectrum. The discrepancy with the b 
quality Lick velocity of — 2-7 km/s is unexplained. 

Member of NGC 2547. Interstellar K, +11 km/s. 

Member of NGC 2547. Interstellar K, +17 km/s. 

@Cha. Bi. 4°4: 7, 317°3:, 250°°1 (1911°20). 

B 1606 Bi. 7:2: 7°4, 0”:18 fast moving, period 14 years, nodal passages 1954 and 
1964. Both stars on the slit. Mean date of velocity observations 1956-47. 

f Oct. 

@ 317, h 4188 Tri. AB,C 6-0: 6-7, 2”°66, 282°-3 (1947°11). AB interferometric 
6°5: 7°0, 0”'116, 130°°1 (1951°3), too close for measurement 1952-56. Magnitude 
and colour refer to combined light. 

Velocity possibly variable. 

Brightness varies through at least 0:1 magnitude. 

Velocity possibly variable. 

This star is designated as ‘‘ SB” in the Mt Wilson Catalogue. This seems to be an 
incorrect transcription from the literature. The only claim made was that the 
velocity was variable. Even this seems doubtful. 

I 1200 Bi. 8-2: 13, 27°87, 142°-7 (1927°34). 

Fainter component of binary formed with No. 131. H and K in emission, — 3 km/s. 

h 4464 Bi. 90: 10°0, 10°°66, 159°°0 (1929°43). The radial velocity and spectral 
type refer to the brighter star, the magnitude and colour to the combined light. 
Spectrum lines are weak. 

Common proper motion with a tenth magnitude star o™-8 pr and 3’ n. 

Velocity possibly variable. 

A high velocity dwarf. The peculiarities of this spectrum are quite striking. ‘There 
are few prominent lines. H and K are strong and broad, while the Balmer lines 
are of moderate strength and narrow. Apart from elusive shadows, the only 
remaining lines are a broad faint line near 4000, 4045 (weak), 4063, 4066 (very 
weak), 4071 (weak), 4132 (a faint blend), 4144, 4202 (faint blend), 4215 (very 
weak), 4226, 4250 (faint), 4271, faint shadows near 4290 and 4300, 4325, 4383 and 
4415. Excluding blends, the lines are narrow. 

Bi. 6°6:9°6, 117-54, 355°°5 (1938-70). 

Difficult spectrum, broad lines. 

Common proper motion with fainter star 57” nf it which interferes with the 
measures of the magnitude and colour by the Astrographic photometer. 

o Lup ¢ 319 4°9: 5°3, 0”-129, 125°-0 (1955°64). 

I 952 Bi. 8-3: 10°3, 0°71, 270°-4 (1956-41). 

A 171 Bi. 7-1: 91, 177-54, 226°-3 (1932°55). Companion noted as red by Herschel 
and van den Bos. A very difficult spectrum with double reversal of Balmer lines. 
Velocity possibly variable. 

Broad lines. 

A Lup ¢ 219 Bi. 4°7: 4°9, 0°23, 170°°6 (1956°41). Difficult spectrum. An early 
suspicion of variable velocity was not confirmed. 

{Lup. A176 Bi. 3°5: 7°9, 727°3, 248°°7 (1938'5). 
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426 


430 
438 
441 
444 
446 


y Lup. h 4786 Bi. 3-4: 3°6, 0°40, 285°-2 (1956°41); period 147 years, a=0"'59. 
Difficult spectrum; velocity possibly variable. 

Spectrum difficult to classify, but star is very red for any possible classification. 

Interstellar H and K, —11 km/s. Hf emission, +1 km/s. 

I 580 Bi. 8-5: 105, 3°°88, 9°-0 (1931°32). 

7 Sco. 

36 Oph. 5°29: 5°33, 4°°37, 166°0 (1955°50). ‘The magnitude and colour refer to 
the joint light while the radial velocity and spectrum refer to the south component 
only. H and K lines in emission, +2 km/s. The north component is No. 207. 
There are also faint companions at distances 38”-6, 208” and 732”. S. Archer 
(M.N., 117, 640, 1957), has given the following velocities for these stars:—No. 207, 
+02 km/s (6 plates); No. 446, —o°5 km/s (6 plates). 

This is the second component of the multiple star 41 Ara of which No. 209 is the 
principal component. 

B 1879 Bi. 6-1: 12, 1°70, 266°*4 (1934°35). 

This spectrum somewhat resembles that of No. 404 but the peculiarities are not so 
outstanding. The line near 4000 is not present and in general the lines are 
broader and somewhat more numerous. The line 4077 is present. 

h 5139 Bi. 9°2: 11°7, 15°°25, 130°°3 (1943°72). Spectrum lines broad and occasionally 
suspected of being double. 

I 123 Bi. 6-9: 11°5, 8°19, 184°°5 (1954°65). 

d* Pav. 

I 379. This star has been independently discovered as a very close binary in 1898 
and 1932, but there are many negative observations including interferometric ones 
in 1952 and 1953. ‘There is a 13th magnitude companion 7:86 away in p.a. 
130°°7 (1931°06). 

329 Bi. 6°5: 6.5, 0”°164, 70°°5 (1954°79). Velocity probably slightly variable. 


Note :—See Evans, Menzies and Stoy (M.N., 117, 534, 1957): Nos. 234 and 235 
are, respectively, the sp and nf components of »CrA. The velocities given, viz., 
—50°8 km/s and — 53°2 km/s (mean epoch 1953°9), are to be compared with those 
of Archer (loc. cit.), —52°4 km/s and — 54°3 km/s, (mean epoch 1956743). 
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Tasie III 


Vol. 119 





No. | B-V | M, 


Tsp 


mame 





Type Fs V 


Type F6 V 


Type F8 V 
344 | +052 
416 | +0°42 
443 | +0°48 
481 | +0°51 


500 | +0°47 


Type Go V 


Type G1 V 


374 | +0°52 
482 | +0°59 


Type G2 V 


Type G3 V 

377 | +0°62 
399 | +060 
415 | +0°63 
479 | +061 


Type G4 V 
340 | +0°64 
405 | +0°66 


Type Gs V 

372 | +0°65 
381 | +0°67 
388 | +068 
394 | +0°66 
412 | +0°68 
413 | +0°66 
425 | +°°77 
486 | +0°66 
491 | +0°63 
497 | +0°64 





Type G8 V 
348 | +0°81 











4°58 
3°82 
4°32 
4°53 


4°24 


4°58 
4°86 


4°94 
5°00 








342 | +0741 | 3°73 | ovor2 | 


448 | +0°41 | 3°73 | 0°016 | 


366 | +0°59 | 4°86 | 0-028 | 


0°030 
0'028 


471 | +0°55 | 4°73 | 0°020 | 


0036 
0°035 

















| —0°093 | —0°067| —63 | 


—o'117 | +13 
+0°107 | —34 
—0°098 | —55 
ome, 
+o0°O51 | —2I 


—0°565 


+0172 | —11 


+0°046| + 2 
—o'158 | —22 


—0°094 | —44 


+0°065 
—0°226 
— 0°047 
+0°012 


+0154] + I 
—o'390 | —18 











° | 


—18 








o|+ 4] 


t++et+te i tetett 








| +0048 | +0°018| +16 | —40 | —76| + 25 | 


26 
39 
33 
45 
64 
35 
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Taste III (cont.) 














B-V | M, ne 




















Ko V 
345 | +0°83 —0'060 — 18 
370 | +0°79 0°025 | —0°618 —- 4 
373 | +081] 5° +0°022 —- 29|-9 
422 | +0°92 — 0°097 ‘ + 26} —11 
445 | +0°85 0016 | —0'058 — 83 | —60 
498 | +0°84 0021 | +0°160 — 166 | +32 























Type K2 V 
434 | +0°96 | 6°67 | 0°035 | 0-031 | —0°374 | —0°376| —28 | — 9 | —- 68| +4 


Type K3 V 

414 | +0°95 | 6°63 | 0-045 | 0°026 | —0°656 | —0°378 | —17 | —14 s3 | — s8| — 6 
433 | +0°95 | 6°63 | 0-035 | 0033 | —0°421 | —0°790 | —26 | —13 49 | —106 | —36 
492 | +0°92 | 6:50 | 0°037 | 0°043 | +0°665 | +0°138} —18 | — 7 88 | + 25 | —32 


Type Ks V 
428 | +1°13 | 7°02 | 0-062 | 0-055 | —0°256 | —0-202| —14 | — 7 22 | — 37| + 6 
480 | +1°18| 7°15 | 0°049 | 0°058 | —0°372 | —0°097| —16]| —11 42} — 18] +11 


Type K7 V 
ad aides is at +0°200 hats Gd, Gee LA, bs ee ° 














In addition to those given in Table III, trigonometrical parallaxes from the Yale 
Catalogue are available for the following stars : 





No. No. 





351 | +0°038 +0°036 
352 | +0°044 +0°002 
353 | +0°'052 +0°025 
363 | +0°055 +0°030 
364 | +0°027 +0°O14 
367 | +0°028 +0°022 
375 | +0°079 +0°036 
383 | +0°016 +0°040 
384 | +0°085 +0°069 
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AN EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF 
CONFUSION IN A SURVEY OF LOCALIZED RADIO SOURCES 


C. Hazard and D. Walsh 


(Received 1959 May 6) 


Summary 


Radio source surveys have been made using both a total power equipment 
and an interferometer. It is shown that in the regions of sky common to the 
surveys there are considerable discrepancies between the two lists of sources 
and the majority of these discrepancies are probably due to confusion effects. 
A comparison of the lists of sources enables an estimate to be made of the 
reliability of a confusion-limited survey. This limit seems to occur at about 
one source per 25 beam areas. Application of this limit to other surveys 
suggests that the Cambridge 2C survey is severely resolution-limited, and 
that the apparent increase in the density of sources with distance deduced 
from this survey must therefore be considered extremely doubtful. The 
Sydney survey which is compatible with an isotropic distribution of sources 
seems, however, to be free from serious resolution limitations. The 
conclusions drawn from this latter survey would therefore appear to be 
more reliable than those drawn from the Cambridge 2C survey. 





1. Introduction.—A fundamental limitation to the number of radio sources 
observable with a given aerial system is set by the finite solid angle of reception 
of the aerial beam. In any survey, whether it be a total power survey or an inter- 
ferometer survey, errors will tend to occur whenever two or more sources are 
present simultaneously in the aerial beam. If the receiving system is a total power 
system the contributions from the sources will add, and they may be interpreted as 
a single source of greater intensity than each of the individual sources, or the sources 
may be resolved but the intensities and positions may be subject to considerable 
errors. 

With an interferometer there will be beating between the fringe patterns of 
each source and the appearance of the record will depend on the relative phases of 
these patterns. Thus, the interpretation of the record in a confused region will in 
practice be different from the interpretation which would be placed ona total power 
record covering the same region. It is therefore to be expected that, at the inten- 
sity level at which the confusion effects become serious, a survey of a given region 
of sky using an interferometer will give rise to different results to a survey made 
using a total power equipment. A comparison of the results obtained from a total 
power survey and an interferometer survey should therefore enable an estimate to 
be made of the reliability of a survey which is resolution limited. This paper 
describes the result of such a comparison. 

2. The total power survey.—The total power equipment was similar to the 
system which was used at 158 Mc/s by Hanbury Brown and Hazard (1). The 
aerial system was a paraboloid of 218 ft diameter and 126 ft focal length and at a 
frequency of 92 Mc/s the beam width was 3 degrees between half-power points and 
the power gain 1390 over a half wave dipole. ‘The beam was directed to different 
declinations by tilting in the north-south plane the mast which supports the 
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primary feed. The maximum angle of tilt was determined by the loss of gain and 
distortion of the beam with feed tilt and this restricted the available field of view 
of the aerial to the area of sky between declination 26°N and 80°N. 

The design of the receiving equipment was based on that described by Ryle 
and Vonberg (2) in which the power received by the aerial is balanced continuously 
against that from a standard generator. The receiver had a pre-detector band- 
width of o-5 Mc/s, a post-detector time constant of 10 seconds and a noise factor of 
2:5. It wasconnected to the aerial by a coaxial cable with an attenuation of 2-2 db. 
During the daytime the minimum flux detectable was limited by external inter- 
ference but at night it was possible to approach the theoretical limit of about 
3 x 10~*6 watts m~*(cps)~! set by the noise fluctuations in the receiver. 

For the examination of a particular declination strip the acrial beam was set at a 
fixed elevation corresponding to the required declination and the received power 
was recorded for the required period of right ascension. The region was surveyed 
in a series of overlapping declination strips with their centres separated by 2°75 
and any source in the region surveyed was thus recorded above the half-power 
level. At each mast setting, recordings were made until a sufficient number of 
records had been accumulated to test the reliability of any particular feature. 

The sensitivity of the equipment was checked each day by observations of the 
intense sources in Cygnus and Cassiopeia. A knowledge of the parameters of the 
equipment enabled an absolute calibration of the flux density scale to be made. 

3. The interferometer survey.—This survey was carried out by a phase switched 
interferometer of the type described by Ryle (3) using the 218 ft paraboloid as one 
element and an array of dipoles, situated to the north-west of the paraboloid, as 
the second element. The beamwidth of this array between half-power points was 
80° in declination and 4°°5 in right ascension. The zeros in the right ascension 
plane were arranged to fall on the first subsidiary maxima of the 218 ft paraboloid 
polar diagram and the side lobes of the resultant polar diagram in this plane were 
negligible. In the declination plane the resultant lobe envelope was effectively 
the voltage polar diagram of the paraboloid, and the first side lobes were 12 per 
cent of the peak intensity in the main beam. 

The relative positions of the paraboloid and the dipole array were such as to 
give a lobe separation of 22’. There were about four lobes within the half-power 
points of the envelope of the resultant interference pattern which was approxi- 
mately 3°-5 wide in right ascension and 4°-6in declination. 

Because of the large beam width of the dipole array in the north-south plane it 
was possible to survey different declination strips merely by tilting the mast of the 
218 ft paraboloid. ‘The interferometer survey was therefore carried out in the 
same way as the total power survey. Because of the freedom of the interferometer 
from interference it was possible to cover a given region of sky i in a shorter time than 

that required in the total | power survey and to reduce the spacing between successive 
declination sweeps to 1°-5. An absolute calibration of flux density scale was not 
attempted; the scale was related to the total power survey by reference to the 
prominent source I.A.U. o8 N4A. 

4. Method of analysis.—The records obtained with the total power equipment 
and the interferometer were analysed separately and two independent lists of 
sources obtained. For the purpose of this analysis a source on the total power 
records was defined as an increase in flux density corresponding to the aerial 
beam shape, and on the interferometer survey as a fringe pattern with an envelope 


45 
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approximating to that of the interferometer response pattern. The total power 
list will include enhanced regions of emission of angular diameter less than or com- 
parable to the aerial beam width. The interferometer list, however, will include 
only those sources with angular diameters much less than the lobe separation of 22’. 
On the definition of a source given above it is possible that many of the ‘‘ sources ”’ 
listed may not correspond to genuine discrete sources and this is to be understood 
subsequently when reference is made to sources. 

4.1. Total power analysis.—In all about 200 total power records were obtained 
covering completely the region of sky between declinations 26°N and 70°N and 
the right ascensions 06" to 19", and a smaller region outside these limits. The 
right ascension of any source was found from the time at which it was observed 
to transit the aerial beam. The declination was found by plotting the flux 
density observed at transit against beam elevation. This also gave the flux 
density of the source. Asa check on the reliability of sources in this list a number 
of records obtained at 92 Mc/s were compared with the corresponding records 
obtained at 158 Mc/s in an earlier survey by Hanbury Brown and Hazard (4). 
Fig. 1 shows an example of records obtained at declination 52°30'N. It can be 


158 Mc/s; 92 Mc/s 


Flux Density x10** watts m°? (cps) 








A i 


1800 ~—17.00 16-00 15-00 14.00 $.T. 
Right Ascension 





Fic. 1.—A comparison of total power records at 92 Mc/s and 158 Mc/s for declinatior. 52° 30° N 
showing correlation of unresolved structure. 
Abscissa: 1 division represents 20 minutes of R.A. 
Ordinate: 158 Mc/s 1 division represents 20 X 10~* watts m=* (cps). 
92 Mc/s 1 division represents 50 x 10-* watts~* (cps)-. 
seen that although these records were taken at an interval of several years, there is 
very good agreement between them when allowance is made for the smoothing 
produced at 92 Mc/s by the larger aerial beam width. It was concluded from this 
comparison that the majority of the sources derived from the total power survey 
genuinely represent enhanced regions of intensity, although they may be due either 
to single sources or blends of two or more sources too close together to be resolved 
by the aerial beam. 
4.2. The interferometer analysis.—The interferometer records were less dis- 

turbed by interference than the total power records and in general two records at 
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each declination setting were sufficient to establish the reliability of any particular 
feature. In all about 150 records were obtained, covering most of the region 
included in the total power survey. In general a continuous lobe pattern was 
visible above the noise and is probably due to faint sources below the resolving 
limits of the aerial. The interferometer was therefore not limited by noise 
fluctuations, but was resolution-limited. 

In determining the right ascension of a source it was not possible to utilize the 
full accuracy possible with an interferometer because of the inclined base line and 
phase variations arising in the cable link between the two elements; the right 
ascension was therefore determined from the maximum of the envelope of the 
observed lobe pattern. The declination and flux density were found in the same 
way as in the total power survey, the flux density being related to the total power 
scale by reference to the source I.A.U. o8 N4A as explained above. 

The declination of each source was also estimated fom the lobe speed of the 
observed fringe pattern as a check that the source was not due to the presence of one 
of the intense sources in a minor lobe of the aerial beam. The main side lobes, 
which are most serious to the north and south of the main beam, are only important 
near to intense sources and, as their positions are known, they can be allowed for 
and so should not introduce any errors into the survey. 

5. Comparison of observations.—The positions and flux densities of 116 sources 
were derived from the total power records and of 134 sources from the interfero- 
meter records. These lists of sources are to be published in the Jodrell Bank 
Annals together with a detailed comparison of the observations (5). The results 
of this comparison will now be summarized. 

In the region of sky common to both surveys there are 81 sources in the total 
power list (list T) and 102 sources in the interferometer list (list 1). A direct 
comparison of the lists shows that there are 40 positional agreements within the 
limits of experimental error. In addition one intense source on list T (Flux 
density (S)= 160 x 10-** watts m~*(cps)~*) seems to be a blend of two intense 
sources on list I. On the basis of the estimated errors in position only 11 coin- 
cidences would be expected if the lists were completely random and therefore 
the majority of the above coincidences may be expected to be genuine. This 
conclusion is supported by a comparison of the flux densities of the sources in the 
two lists. In all cases there is no evidence of any deviation from a ratio of unity 
which cannot be accounted for by random errors in the measurements. 


Taste I 
Comparison of total power (list T) and interferometer (list I) sources 
in the region common to both surveys 


Flux density x 10“ watts m~* (cps)-* <20 20039 4©=6§._ 40 to. 59) 
. of list T sources 14 35 14 
. of list T sources not on list I 9 22 5 
. of list I sources I 51 34 
. of list I sources not on list T I 35 24 


In the region of sky common to both lists there are 40 sources on list T and 60 
sources on list I which do not coincide with sources in the other list. These 
discrepancies are divided into flux density groups in Table I. 

It is to be noted that a source in a particular intensity range in one list may 
appear in a different range on the other list due to random errors in the flux 


45° 
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density measurements, and this accounts for apparent discrepancies between the 
source counts in this table. For example only 14 of the 18 list T sources with a 
flux density greater than 60 x 10-** watts m~*(cps)~! appear on list I, whereas 16 
list I sources in this range coincide with list T sources. 

Inspection of Table I shows that for sources of flux density less than 60 x 10-*¢ 
watts m~*(cps)-! the agreement between the surveys is very poor. The discre- 
pancies between the surveys cannot be due to systematic errors in position, which 
arise primarily because of uncertainties in the position of the beam of the 218 ft 
paraboloid, because the method of observation ensures that such errors are 
common to both surveys. 

In order to investigate the discrepancies in more detail the two sets of records, 
which previously had been analysed quite independently, were compared directly. 
This direct comparison showed that there are sources on the interferometer 
survey in the position of a further five of the total power sources, while the total 
power records revealed four more sources which could be identified with inter- 
ferometer sources. All of these sources were comparatively weak, the strongest 
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Fic. 2.—A comparison of the total power and interferometer records taken at declination 32° N. 
The flux density scales have been adjusted to be equal for both records. 
Abscissa: 1 division represents 10 minutes of R.A. 
Ordinates: 1 division represents 30 X 10~* watts m~* (cps)“". 
having a flux density of 34 x 10-** watts m~*(cps)~", and they had been considered 
doubtful in the original analysis. In addition a number of total power sources were 
found to lie in very confused regions on the interferometer records where the fringe 
amplitude was compatible with the presence of the sources. Similarly a number 
of interferometer sources which lie close to sources on the total power list are in 
confused regions ; the errors on either list may therefore be greater than estimated 
and some of these cases may in fact be coincidences. Other interferometer sources 
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lie in regions of enhanced intensity on the total power records where it is impossible 
to distinguish individual sources, There remain, however, ten total power sources 
near which there are definitely no sources of comparable flux density on the 
interferometer survey, and 34 interferometer sources which were definitely not 
observed on the total power survey. As the interferometer list contains only those 
sourees whose angular diameter is less than 22’ it is possible that the sources 
observed on the total power records and not on the interferometer records have an 
angular diameter greater than this value. 

The 34 sources observed on the interferometer records and not on the total 
power records present a more serious problem; although a source may appear on 
the total power but not on the interferometer survey because of its finite angular 
diameter, there is no analogous explanation to account for sources which are 
observed on the interferometer but not on the total power survey. It is — 
that some of the weaker sources lie in depressions in the background radiation 
which mask their presence on the total power records, but it is improbable that 
this can account for all the discrepancies. 

A comparison of a total power and interferometer record for declination N 32° 
is given in Fig.2. The correlation between the records appears to be poor, and 
this is apparently due to effects of confusion. 

6. The reliability of a confusion-limited survey.—It may be concluded from the 
results of the previous section that while some of the sources on the total power and 
not on the interferometer survey may have angular sizes greater than 22’, many of 
the cases where sources appear on one survey but not on the other are due to 
confusion. The confusion effects produce errors in both the total power and 
interferometer surveys, but it is to be expected that they are more serious in the 
interferometer survey because of its larger solid angle of reception. The intensity 
level at which discrepancies occur between the two surveys therefore enables an 
estimate to be made of the source density at which the confusion effects become 
important. 

In the following analysis we have confined our attention to sources which were 
observed on the interferometer list but not on the total power list in order to avoid 
the effects of sources with large angular diameters. The analysis was therefore 
restricted to the region of sky between R.A. o5" and R.A. 17". Outside this region 
the majority of the interferometer sources are strong sources found on isolated 
records and are therefore not a representative sample, but inside these limits the 
interferometer survey is complete. In this region there are 3500sq. degrees of 
sky common to both surveys in which 96 interferometer sources were 
Of these 96 sources there are 39 which have been identified with total power sources, 
and a further 22 which lie in confused regions and which might be present on the 
total power records, leaving 35 sources which were not observed. These sources 
are divided into flux density groups in Table II. 

The figures given in column 4 refer only to those sources for which it could 
definitely be decided that no source of comparable flux density was present on the 
total power records. 

The most important feature of the table is the dividing line which can be drawn 
at a flux density level of 60 x 10-** watts m~*(cps)~". All interferometer sources 
above this level were observed in the total power records but below this level there 
are serious discrepancies. ‘The sources in the range 40-60 watts m~*(cps)~* are 
of particular interest for it is very unlikely that sources of this flux density could 
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Taste II 
Counts of sources observed on the interferometer but not on the total power records 
Total no. of No. of sources 
Flux density range Total no. of sources not listed definitely not 
( x 10~ watts m~* (cps)~") interferometer on total power observed after a 
sources (list I) survey (list T) direct comparison 
of records 
> 60 11 ° ° 
51 to 60 13 9 5 
41 to 50 20 14 7 
31 to 40 18 14 10 
31 to 30 33 19 12 
<20 I I I 
be present in the total power records and yet not be detected on a direct comparison 
of records. It therefore appears that at this level at least some of the sources in 
list I are spurious. 

It may therefore be concluded that although the interferometer survey is 
reliable as regards the presence of sources above this flux density level, below this 
serious errors occur. Thus when the observed number of sources in an area of 
3500 sq. degrees exceeds eleven, errors begin to appear in the interferometer 
survey. The area covered by the beam of the interferometer between half-power 
points is 12-5 sq. degrees and so this corresponds to a source density of about 
I per 25 beam areas. As these errors are probably caused by weaker sources in 
the beam this observed density corresponds to a higher density of confusing 
sources. 

All the discrepancies given in columns 3 and 4 in Table II will not be due to 
errors in the interferometer survey but will also arise due tosources being overlooked 
in the total power survey. It is difficult to estimate the reliability limit of the total 
power survey because of the presence of large angular diameter sources, but as the 
solid angle of reception is less than that used in the interferometer survey it is 
to be expected that list T will be reliable down to a lower level than list I.. This 
conclusion is supported by the figures given in Table I. 

7. Applications to other surveys.—The type of error which arises due to con- 
fusion depends on the actual equipment used in the survey and the method of 
analysis adopted. However, the simple methods of analysis adopted here, which 
in the case of the interferometer survey neglected the phase information contained 
in the interferometer fringe pattern, are similar to those usually employed and it 
seems reasonable to assume that errors will begin to appear in other surveys at 
about the same observed density level. It is therefore of interest to apply this 
result to the results of other surveys. The two most important surveys so far 
published are the Cambridge 2C survey (6) and the Sydney survey (7). ‘These 
will now be considered in turn. 

7.1. The Cambridge 2C survey.—The Cambridge survey was carried out on 
81-5 Mc/s using an interferometer technique and it lists 1936 sources. Shakeshaft 
et al. (6) have plotted the logarithm of flux density (.S) against the logarithm of the 
total number of sources (N) above this flux density (log N/log S curve). 

For a uniform distribution of sources the curve should have a slope of — 1-5; 
however, it shows a marked increase in slope above a flux density level of 70 x 10~** 
watts m~*(cps)~", and this has led Ryle and Scheuer (8) to suggest that the density 
of sources increases with distance, a suggestion which has profound cosmological 
implications. 
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The beam used in the Cambridge survey covers an area of sky of 11°8sq. 
degrees. There will thus be one source per 25 beam widths at a source density of 
one per 295 sq. degrees, i.e. an observed density of 11 sources per steradian. ‘The 
log N/log S curve for this survey shows that this source density occurs at a flux 
density level of 56 x 10-** watts m~*(cps)-". Below this level serious errors in the 
survey may be expected, the source counts cannot therefore be considered 
reliable. Inspection of the log N/log S curve shows that the increase in slope in 
this region is significant; moreover, although the majority of sources above this 
level are probably genuine, it is likely that the estimated flux densities near this 
level are considerably in error. Under these circumstances Bolton (9) has shown 
that an increase in slope compared with the true slope is to be expected. It is 
therefore concluded that the increase in slope observed in the Cambridge survey 
is based on source counts which must be considered unreliable, and it cannot be 
taken to have any cosmological significance. 

7.2. The Sydney survey.—The aerial used in the Sydney survey was a ‘‘ Mills 
Cross’’ 1500ft long and, at the frequency of 85 Mc/s at which the survey was 
carried out, it has a beam area of 0-55 sq. degrees. This survey is not yet complete 
but a preliminary analysis has been carried out on 383 sources in a restricted region 
of the sky. The slope of the log N/log S curve deduced from these sources does 
not deviate significantly from — 1-5 down to a flux density level of 14 x 10~** watts 
m~*(cps)~'; at this level the survey is sensitivity limited and the curve falls away. 
At the flux density level of 14 x 10-** watts m~*(cps)~* there are 200 sources per 
steradian which corresponds to an observed density of one per 25 beams. This is 
equal to the resolution limit derived above and so the survey should be free from 
serious errors due to confusion down to this level. As the slope of the log N/log S 
curve does not differ significantly from — 1-5, the Sydney survey therefore suggests 
that, at least for sources of flux density greater than 14 x 10~** watts m~*(cps)~*, 
the spatial density does not increase with distance. ‘This conclusion gives further 
support to the suggestion, made in the previous section, that the increase in slope 
of the Cambridge curve is not genuine but is due to inadequate resolution. 

8. Conclusions.—It has sometimes been stated (z0, 11) that the maximum 
number of sources which can be resolved in a radio survey is approximately equal 
to the number of beam areas inthe sky. The observations presented in this paper 
show that in a practical case the number of sources which can be reliably catalogued 
is very much less than this. The actual density at which serious errors occur in a 
survey will depend on the instrument used and the method employed to reduce 
the observations ; but it seems that if the simple type of analysis which is commonly 
employed in radio astronomy is used, then errors will occur at an observed density 
of about one source per 25 beam areas. 

This limitation must be borne in mind when drawing conclusions from source 
counts and it places a severe restriction on the number of sources which can be 
reliably observed by existing aerials operating in the metre wavelength range where 
most surveys have been carried out. 
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Summary 

The rate of reception of information in a particular channel is defined 
as usual by C= W log (1+6/N), where W is the band-width in which the 
signal power is } and the noise power N. W and 6 are expressed as functions 
of the Doppler ratio Z of the particular cosmological source under observation 
and are model-dependent. The steady-state model is chosen to illustrate 
this in detail, including a set of curves of C(Z) which show, for instance, 
that C(Z)~ Z-* for large Z. Results are given for other models and are 
discussed in relation to their visual horizons, if any. 





1. Introduction.—The idea of a horizon in cosmology was systematically 
treated by W. Rindler (1956), who defined a horizon as ‘‘a frontier between 
things observable and things not observable’’. He showed, for example, that 
in such model universes as the steady-state model there exists what he called an 
event-horizon: events taking place in certain distant systems after a particular 
epoch must remain forever unknown to a given observer. The present note 
undertakes to extend this sharp cut between observable and non-observable by 
studying the continuous gradation in the number of events that may be observed 
as the horizon is approached. Instead of considering the receipt of signals 
originating in specific events, we study rather the rate at which signals can flow to 
an observer from distant systems. In a typical case, as an observer using an 
arbitrary receiver for electromagnetic radiation looks further and further out 
into the universe, the information he can obtain from any given source system 
flows to him more and more slowly as the distance of that source increases. 
Finally it may reach the limiting zero rate. That limit marks an horizon if one 
exists. The present study exhibits the ways in which that limit is approached. 

Just as the source systems are idealized in all models to a set of representative 
‘particles ’’ obeying the Weyl postulate, so the detailed events studied are 
idealized by the familiar statistical notions of information theory. We confine 
our attention to a single channel in each direction of observation, every channel 
possessing an assignable frequency pass band. This simulates a spectrograph 
or a radio-telescope well enough; the multi-channel properties of image-forming 
optical telescopes need an extension which we have not carried out in detail. 
The maximum information which any receiving channel can grasp varies as its 
distant object of study recedes. Three quantities determine this information 
flow rate: the channel noise, the frequencies handled, and the energy available 
from the source within the accepted frequency range. It is the influence of the 
cosmological line-element upon the third of these quantities which is the centre 
of interest. 


* Some of this material was submitted in partial fulfilment of the requirements for the degree 
of Master of Science in physics at Cornell University in 1959. 





658 A. W. K. Metzner and P. Morrison Vol. 119 
2. Rindler (1956) has shown that in the Robertson—Walker metric, 


dr* + r*(sin? 0 dd? + dé) 
ds* = c? dt? — R*(t 
Dae cz 
which applies to all homogeneous and isotropic world models, the proper distance 


l(t) from the origin O of a photon emitted at time t=t, by a source with the 
co-moving radial coordinate r is 


U(t) = R(t){o(r) — S(t, t)} (1) 

7S eee * cdt 
o(r) = | ae 4 Sted= | RG (2) 
R(t) is the scale function of the metric and k the curvature index. The sources 


are the fundamental representative particles of the model, i.e. the galaxies. If 
the photon reaches O at time t=%, 


o(r) = S(t,, to). (3) 
The Doppler ratio Z is defined by* 
Z= R(ty)/R(ty). (4) 
For any particular model equations (3) and (4) may be solved for r as a function 
of Z and t,. For instance, 
if R(t)=e'7 and k=0, r=cTeT(Z—1) 
if R(t)=at* (a=1), k=o0, r=ct,'-*/a(a—1).(Z'-Y*-1) (5) 
if R(t)=ct and k=-1, r=2(Z—1)/(Z+1). 
The first of these examples includes the steady-state model and the de Sitter 
model. The second includes the models of Page («=2), Einstein-de Sitter 
(a=2/3), Dirac («=1/3), etc. The third is Milne’s model. We may therefore 


characterize a source by its Doppler ratio in a convenient and physically direct 
manner. 


3. Let B be the absolute luminosity of the source (say in ergs/sec), 6 its 


apparent brightness (in ergs/cm?/sec), and L its luminosity distance (in cm). 
Then b= B/4nL? and 





where 


ry R(t) 
EGR (6) 
1+hkr?/4 R(t,) 
Further, let n be the number of sources per unit coordinate volume, so that the 
number between r and r+ dr is 


; _ _4anr* 
N(r)dr= aby dr. (7) 





Since we are only dealing with isotropic models, 47 may be replaced by dQ to 
give the number of sources in a shell subtending an angle dQ at the origin. Now 
n is a constant in all models except the steady-state model. Leaving the latter 
for the moment, consider as an example the de Sitter model, which has the same 
metric. Using (5), (6) and (7) we have 


B I 
4nc*T? Z7(Z—1)? (8) 


N(Z) dZ = 4nnT %e-%4/7 (Z —1)*dZ (9) 


* This quantity is that usually designated in the literature by a small z. Note: 1+2=Z. 


b(Z)= 


and 
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where N(Z)dZ is now the number of sources with Doppler ratios between Z 
and Z+dZ. The total energy flux for all sources up to Z is 


i) * o(Z)N(Z)dZ = BncT e-!(1 ~Z-), (10) 


The Z-dependencies of b(Z) and N(Z) for the other conservative models listed 
in (5) are shown in a table in the Appendix. The form of (10) is very similar 
for all these models: instead of Z—+ Page’s model has Z-**, the Einstein—de Sitter 
model has Z~*?, and Milne’s model has Z~*. 
In the steady-state model the number of sources per unit coordinate volume, 
n, is not constant; instead, by definition of the steady-state, the number of sources 
per unit proper volume, m, is constant. Now the proper distance of a source at 
emission time t =?, is 
l= R(t,)o(r)=r el? =cT(Z—1)/Z 
using (4) and (5), and the number of sources between /, and /, + dl, is 471," dl,m, 
so that for the steady-state model, 
2 
N(Z)dZ=4nmeT3 2 a) dZ (9a) 


and 


| * o(Z)N(Z) dZ= ; BmcT(1 - Z-). (10a) 


5(Z) is of course the same as in (8) for the de Sitter model. (10a) shows that the 
maximum energy flux from all attainable sources is reached much more rapidly 
in the steady-state model than in the conservative models discussed above. 

4. Let us now think of B as including only the part of the source power that 
is emitted in a well-defined frequency band of width W, and centred on a frequency 
v,, so that b is the corresponding energy flux received in a band of width W, and 
centred on frequency vj. The rate of reception of information (see, ¢.g., Bell 
(1956)) from this band W, is then 


C(Z) = W, log [1 + 4/N] 


C(Z) = W,Z-" log [1 + 6(Z)/N] eee (11) 
where N is the noise power*. WN includes local (say, atmospheric) background, 
stellar background, the thermal fluctuations in the information-carrying radiation 
itself, and the additional noise developed in the receiving instrument. In general 
N will be a function of the frequency range under consideration (i.e. the colour, 
the radio wave-length, or the gamma-ray energy) and of the receiving instrument, 
but for the purposes of the present investigation we shall be content to treat N 
as constantt. W, is fixed once the frequency range under observation has been 
decided upon. For instance, we may think of W, as the width of a single emission 
line common to a wide range of extra-galactic sources, and of 6(Z) as the intensity 
of the line. Or, if b(Z) is to refer to the total apparent brightness of distant 
galaxies, then W, must be the suitably defined range of frequencies in which a 
galaxy emits the larger part of its radiation (such as the width at 1/e of the central 
maximum of a black-body spectrum). It is clear that for all expanding models 

* The units of C(Z) are bits per sec, hartleys per sec, or natural units per sec, according as 
the base of the logarithm is 2, 10 or e. 
+ For certain classes of instruments, for instance telescopes, a calculation of the information 


received would involve the spatial distribution of the energy flux over the receiver area as well 
as its rate of reception: each confusion circle of the image is really a distinct channel. 


or 
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(Z > 1) the corresponding observed width W, is smaller and is centred on a lower 
frequency, since W, = W,/Z and vy =»,/Z. 

As an illustrative example we shall take the steady-state model again. 
Substituting (8) in (11) gives 

B I 
C(Z)= W,Z-og| 1 + gre TIN ZZ — | (12) 

and C(Z)-const. x Z~* as Zoo. Fig. 1 shows several plots of equation (12) 
for different values of the parameter b,/N where b,= B/4mc*T?. The curves for 
other models are very similar. For instance, the Z-dependence of C(Z) for 
large Z for the models of Page, Einstein-de Sitter, and Milne is respectively 
Z-*, Z-*, Z-*. The curves illustrate clearly the very rapid reduction in the 
information rate with increasing Doppler ratio. They also show that a decrease 
in the noise power will produce a relatively much greater increase in the 
information rate from sources that already have high Doppler ratios than from 
those with low Doppler ratios. 














fe} 
A 





3 5 
gue 
Fic. 1.—The total rate of reception of information per unit source band width, C/W,, as a 
function of the Doppler ratio Z of a source in the steady-state model, for four values of the parameter 
b/N, where b= B/4nc*T* and N is the receiver noise power. 
Cc I by I 
W, = jue + Pa |: (12) 


5. As mentioned in the Introduction the steady-state model has an event 
horizon as defined by Rindler (1956). The necessary and sufficient condition 
for the existence of an event horizon is the existence of S(t, 00) in equation (1). 
Thus Page’s model is another example. For such models it can be shown, 
using (3) and the definition of proper distance, that Z is inversely proportional 
to the proper distance, d say, of the source from the event horizon at the time of 
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emission of the signal. Thus as we consider a sequence of sources progressively 
closer to the event horizon, do, Zoo, and C(Z)+o. Furthermore, sources 
actually on the event horizon at the time of emission can only be ‘‘ seen ’”’ by the 
light they emitted when they were created (t = 0), or, in the case of the steady-state 
model, by light emitted in the infinite past. However, this ‘‘light’’ has infinite 
wave-length and arrives with zero intensity, as equations (2) and (8) show. 
We are here only considering expanding models. 

A second class of models, those for which S(o, t) exists, have what Rindler 
called a particle horizon. Examples are the Einstein—de Sitter model and Dirac’s 
model. Sources cross the particle horizon toward the observer (the event horizon 
is always crossed in a direction away from the ooserver) and first become visible 
by the light emitted at the time of creation, which again has infinite wave-length. 
Thus as we consider a sequence of sources with progressively larger Z, C(Z)+o 
and we cannot obtain any information about the creation event. 

From the point of view of the information rate, the difference between the 
event horizon and the particle horizon is that if we follow the time development 
of a single source near the former, its Doppler ratio increases and the rate at which 
we obtain information from it decreases, whereas the opposite is true for a source 
near the latter. However, in the case of a model with a particle horizon, Z for 
a particular source may increase again after some time. There are, in fact, models 
that have both types of horizon. On the other hand Milne’s model has neither 
type of horizon. 

6. The total rate of reception of information from all sources with Doppler 
ratios from one up to Z is 


| * C(Z)N(Z) az. 


Since the integrals involved do not have simple analytic solutions, we shall 
consider instead the following integral, 


Zz 
C(Z)N(Z)dZ, Zy>1 (13) 
Z. 
which gives the total rate of reception of information from a}! sources with Doppler 
ratios between Z, and Z. Substituting (ga) and (12) in (13) and retaining 
only the first term in the expansion of the logarithm, we get for the steady-state 
model, 


(14) 


The form of (14) is again very similar for the other models we have been 
considering except that instead of m the appropriate parameter is m for conservative 
models. The results are collected in the Table in the Appendix. 

If we compare the expressions (11) and (13) for these various models it is 
evident both that the information rate from a single source falls off more rapidly 
with increasing Doppler ratio for <he steady-state model than for the others (in 
Milne’s model it falls off equally rapidly), and that the total information rate 
from all sources beyond a certain point (Z = Z)) increases more rapidly up to its 
maximum value. 

Finally we may note that as Z-> 00 equation (14) becomes 


* C(Z)N(2)az= Sn Z>1 (15) 


f C(Z)N(Z)dZ= 


me (s 
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with similar expressions for the other models. (15) gives the total information 
rate from all accessible sources with Z>Z,. This might be called ‘‘the residual 
information rate from beyond Doppler ratio Z,’’. It decreases more rapidly 
with Z, for the steady-state model than for any of the others considered here. 
We see from (15) and from similar equations for the other models that the total 
information rate from all sources in a particular channel must be finite. This 
must be true for all expanding models. 

7. As an example of a contracting model we shall briefly consider a model 
with R(t)=e—"7 andk=o. 6(Z) and C(Z) are exactly as in (8) and (12), but now 
o<Z<1 instead of 1<Z<«. Hence b(Z) becomes infinite for very distant 
sources (Zo), whereas for expanding models it becomes zero (Z->0o). 
Similarly it can be shown that the total energy flux, as in (10), increases to infinity 
as Z->o, whereas for expanding models it increases up to a finite value as Zoo. 
This is to be expected, since Z=o corresponds to photons of infinite frequency 
and energy. As for the information rate, it can be seen from (12) that as Z goes 
from one to zero the information rate from a single source, C(Z), decreases 
rapidly at first to a minimum value and then increases again more slowly to 
infinity. What we have previously called the residual information rate from 
beyond Doppler ratio Z, is then, of course, infinite for all Zp. 

8. Acknowledgments.—We wish to express our thanks to Dr W. Rindler for 
his valuable and critical interest in this work. 


APPENDIX I 


If B is the total absolute luminosity of the source, we may estimate it 
numerically. An average galaxy contains about 10” stars, and an average star 
is approximately a black-body at 6000°K and of emitting area 10% cm, giving 
B= 10“ ergs/sec. Hence with T= 13 x 10° years (Sandage 1958) the parameter 
B/4nc*T* in equation (8) for the steady-state model becomes approximately 
10~18 ergs/cm?2/sec. 

We can also make a rough estimate of the noise power N for a particular 
instrument. For instance, the Palomar telescope can just distinguish a source of 
apparent magnitude m#23, which corresponds approximately to ZI1°5, 
v/c 1/3, and 6 x10~™ ergs/cm?/sec (since m= —2-5logb—11°6). The noise 
power N must be of the same order of magnitude as this limiting apparent 
brightness, so that N ~10~"ergs/cm*/sec. Therefore in Fig. 1 the curve with 
b,/N =1 should give a good indication for the Palomar telescope of the information 
rate (in a given region of the plate) as a function of the source Doppler ratio, 
provided that the de Sitter metric is approximately valid for the actual universe. 


APPENDIX 2 


Table I below summarizes the dependence on the Doppler ratio Z of the 
various quantities discussed in the text. A word ought to be said about columns 6 


z 

and 7. From col. g it is evident that N(Z) and | N(Z) dZ diverge for large Z for 

the models of Page, Milne and de Sitter, wheres for the other models N(Z) 
Z 

goes to zero and | N(Z) dZ asymptotically approaches a finite upper bound. 


1 
For the models of Page and de Sitter, which incidentally both have an event 
horizon, it can be seen from the way in which equations (5) and (7) are used to 
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get N(Z) that the divergencies are due to coordinate distances r(Z) which are 
monotonically increasing functions of Z. Conversely, r(Z) is bounded in the 
Einstein-de Sitter and Dirac models, which both have a particle horizon. The 
intermediate case would be a mass-conserving model with R(t)=ct and k=o, 
which would have neither type of horizon, and for which N(Z) converges as 


Zz 
(log Z)?/Z whereas | N(Z)dZ diverges as (log Z)°. 
1 


The divergence of N(Z) and its integral in the de Sitter model leads to no 
difficulty if the model has a finite age, for then by (4) the maximum value of Z 
attainable is Z =e? (setting t,; =0), so that, even apart from considerations of 
information, N(Z) and its integral are always bounded at a fixed reception time. 

For Milne’s model, equation (5) shows that r(Z) is bounded. Here the 
source of the divergence of N(Z) is the fact that the metric is hyperbolic (k = — 1), 
which makes itself felt in the denominator of equation (7). 

The steady-state model differs from all the others by not conserving mass. 
N(Z) is calculated with the use of the proper distance of a source, /,=¢cT(Z —1)/Z, 
which is bounded. In fact, the upper bound of /, is cT, the constant proper 
distance of the event horizon from the origin observer, and 


| 2 N(Z) dZ =(47/3)me®T®, 


the constant total number of observable sources. 

Col. 7 in the table illustrates another way of looking at the question of the 
number of sources. Equation (4) may be written Z=v,/vo. Suppose we fix 
our attention on a single emission line (say, the 21cm hydrogen line), emitted 
by a constant fraction of the total number of sources*. Then », is fixed and vg 
becomes smaller and smaller as we trace the line in the spectrum of sources with 
increasingly greater Z. We have dZ= —v,/v9*dvg, and N(vp) is defined by 
N(Z)dZ=N(v,)dvo. N(vo)dvo then gives the number of -ources with the line 
displaced from v, to the region between v» and vy»+dv, (apart from constant 
factors). Col. 7 shows that as v»»>0 (Z—> o) N(v,) tends to a finite value for the 
steady-state model, to zero for Dirac’s model, and diverges for the others. For 
the de Sitter model the divergence again goes only down to the minimum value of 
vo/¥,,e-*7. Finally, the divergence of N(v,) for the Einstein-de Sitter model 


differs from that of Page’s and Milne’s model in that | "N (v9) dvy must be finite 
0 


for the former (since we have seen that | i N(Z) aZ is finite for this model). 
1 


* In fact, the fraction would not remain constant for very large Z (except for the steady-state 
model), for the physical processes giving rise to the observed radiation must change drastically, 
as we approach the creation event (Z->00), thus providing a cut-off for N(v,) as »-—>o and pre- 
venting any divergencies. 
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NUMBER COUNT RELATIONS IN OBSERVATIONAL COSMOLOGY 
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Summary 


Theoretical formulae relating the counts of sources of radiation to other 
observable quantities in cosmology are systematically presented in the form 
considered most relevant to present day problems. These relations are 
particularly directed to the practical detection of evolutionary effects in the 
galaxies, employing quantities directly measured by astronomers and taking 
account of the possible variation of these quantities with epoch. The 
analysis is based on the Robertson—Walker space-time metric for a “‘ smoothed 
out’’ universe, which still seems likely to be the most fruitful method of 
approach at the present time. 

The relations are designed to apply to the number counts of sources emit- 
ting in either the optical range of the spectrum or in the radio range, and these 
are determined in terms of both red shift and apparent magnitude. An 
alternative number count formula is derived which may possibly be more 
applicable in an evolutionary universe should radio sources arise by the 
collision of galaxies. Each relation is discussed in some detail with regard to 
the value of its application to the actual universe. 

It is shown how the number counts may be employed to measure any 
secular rate of change that may exist in the strength of source emission, and 
how they may be utilized in conjunction with the red shift—apparent magni- 
tude data to provide an independent measure of the extent of selection 
effect in the latter data. It is shown, also, how the number counts may 
independently provide the values of the Hubble parameter and the accelera- 
tion parameter of the expanding universe. 

The paper concludes with a systematic comparison between the observable 
number count characteristics of an evolutionary universe and those of the 
steady-state model, indicating several means of distinguishing between these 
two types of universe. 





1. Introduction.—Valuable as earlier work on observable relations in cosmology 
has been, much of it is inadequate to deal with the present programme of 
astronomers. This situation arises partly on account of new theoretical 
concerning the universe, such as the steady-state theory, or the possibility of 
colliding galaxies giving rise to powerful radio sources. _It also arises by reason of 
improvements in instrumental power and technique which make new or more 
refined types of observation possible. _ 

The new science of radio astronomy, and counts of extragalactic radio sources 
in particular, as well as advances in technique associated with, for example, red 
shift—apparent magnitude correlations, multi-colour spectral analysis, measure- 
ments of angular distance between sources and clusters of sources and, it is to be 
hoped, more refined and accurate optical counts of galaxies, may all soon lead to 
the detection of significant evolutionary trends in the system of galaxies, or reveal 
the absence of any systematic effects of this nature. . 

» * Received in original form 1959 March 9 
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It may therefore soon become possible by these means to resolve a fundamental 
issue of present day cosmology. ‘This issue is whether it is appropriate to consider 
an evolutionary model of the universe as a whole, in which galaxies, once formed at 
approximately the same epoch, remain conserved in number, or whether we must 
regard the universe as being overall in a steady state for which the observed 
recession of the galaxies demands continual creation of matter and continual 
formation of new galaxies. 

It is therefore necessary to derive formulae connecting astronomical observ- 
ables which are particularly directed to the detection of evolution in the universe. 
In this paper observable relations involving the number counts of cosmic sources 
of radiation will be presented systematically in a form believed most suited to this 
end. Such counts have great theoretical importance and it is to be anticipated 
that improvements in instrumental power and technique will ultimately give them 
a reliable and authentic character. ‘The red shift—apparent magnitude relation 
which was analysed in a manner consistent with the aims of the present paper in a 
previous publication (1), hereafter referred to as I, will also be reviewed summarily 
here. This is because the results of | are basically incorporated in the relations of 
this paper. ‘The number count relations will in turn provide a means of deter- 
mining independently the value of the evolutionary parameter occurring in the red 
shift—apparent magnitude relation, what proportion of this value is due to genuine 
evolution, and how much arises from an apparent evolution due to observational 
selection effects. 

As in I we adopt, in common with earlier writers, the well known cosmological 
space-time metric 





2 (272 2 

dS? = cdt - Re(){ Gaik4p (1.1) 
derived by Robertson (2), and by Walker (3), for a universe that is spatially 
homogeneous and isotropic. ‘That is, local geometrical effects arising from the 
mass concentrations occurring in the actual universe are neglected, so that this 
metric corresponds to an ideal universe in which matter is of uniform density at 
any givenepocht. ‘This matter is supposed to move on the geodesics characterized 
by constant values of the spatial coordinates r, 0, ¢. Since R(t) is a disposable 
function of epoch ¢ this ideal universe serves to represent the cosmic motions in the 
actual universe on a sufficiently large scale. The quantity k/R*(t) is the curvature 
of space at the epoch ?, k being a constant which can take the values 1, 0, or — 1. 

It may be mentioned that the determinism associated with a ‘‘ smoothed out ”’ 
universe as described above has been criticized recently by Neyman and Scott (6) 
as being an unsatisfactory approach to the universe as it actually is, and these 
authors would recommend an indeterministic statistical analysis to take its place. 
Neyman and Scott (4), (5), (6) have established a statistical basis for the system of 
galaxies on the view that the universe is a realization of a stochastic process which is 
stationary in the three spatial coordinates (cosmological principle), and possibly 
also in time (perfect cosmological principle or steady state). 

There is no doubt that systematic statistical studies of comparison and correla- 
tion among the galaxies would yield much valuable information. Such studies 
must in fact provide much of the data for the so-called deterministic approach 
adopted in this paper. Unfortunately, even Neyman and Scott find it necessary 
to assume a deterministic basis for the large scale motions of the galaxies (6). 


dr? + r2d6? + r2 sin? @ = 
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Furthermore, their statistical theory is as yet derived only for Newtonian kine- 
matics and Euclidean geometry, so that as a basis for determining the large scale 
character of space-time their analysis is at a great disadvantage compared with the 
relativistic treatment possible on the basis of the metric (1.1). For example, 
Neyman and Scott have to identify luminosity distance as found by astronomers 
with a Newtonian radial coordinate, leaving presumably for inclusion in an 
unknown error function the so-called ‘‘ number effect” and “ energy effect’’ on 
estimated distance which arise due to the expansion of space. Such effects 
can be dealt with quite naturally, however, in terms of relativistic kinematics. 

Accordingly, until the statistical theory of Neyman and Scott has been 
extended to incorporate relativistic notions, a matter which promises to be formid- 
able in its complication (cf. McVittie, 7), it seems likely that the deterministic 
basis adopted here will be the most fruitful in determining the large scale character 
of the universe which is the main concern in this paper. The deterministic 
observable parameters may of course be identified in practice with statistical 
mean values in the stochastic process envisaged by Neyman and Scott. 

As in Paper I we transform the metric (1.1) to the more convenient form 


_ a2 R(t) [dp? + p2db? + p*sin® 0 dd? 
dS? = cdt Re? { G+ pa) } (1.2) 


p= Ry, (1.3) 
where R,= R(t,). We.identify the epoch t, with the present epoch of observation 
of the universe, and regard it as fixed once and for all so that R,isaconstant. We 
note that a? is related to the curvature at epoch ¢, by the equation 


= 4Rq*/k. (1-4) 

Our programme, in principle, is to relate the observable quantities employed 
by astronomers to the theoretical parameters R(t) and @* occurring in (1.2), and 
then to develop relations between the observables which will involve these para- 
meters as unknowns. By fitting these relations to the observational data it 
becomes possible to determine, in principle, those values of R(t) and a* which best 
fit the large scale features of the actual universe. Since we shall allow for the 
possibility of systematic evolution in the characteristics of radiating sources, it 
will be possible also, given adequate data, to determine whether the universe is in 
fact evolutionary or in a steady state. 

2. Recapitulation of certain results of Paper I.—It will be convenient for the 
development and understanding of the subsequent analysis to note here some 
results established in I: ' 

(i) Expansion of R(t) and pin series. The function R(t) may be enpindiel by 
Taylor series in powers of 7(=t)—t), the cosmic time lapse between emission of 
radiation from a distant source and its reception by the observer. Thus 


R(t) = Ro(t — a7 + hagr* — gagr*+ ....), (2.1) 


where a, = Ro/Ro, %_= Ro/Ro, %3= Ro/Ro, and so on, a dot indicating differentiation 
with respect to ¢ and suffix o denoting quantities evaluated at the epoch of observa- 
tion fy. In this notation it was shown in I that the Taylor expansion of the radial 
coordinate p is 





by means of the substitution 


pmer| r+ dart { Mant—a)+ S}e+ ses] (2.2) 
47 
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(ii) Red shift 8 and 6—r relation. The Doppler effect on radiation from distant 
sources (of constant p, @, ¢ coordinates) due to the expansion of the universe of 
metric (1.2), assuming R(t) monotonic increasing, is such that 


war+d— 2H). (2.3) 


Here A is the wavelength of emission as measured at the source at epoch t, while A, 
is the wavelength of the radiation when received at epoch fy. 
The expansion of the red shift parameter 5 in powers of 7 is 


5 = 0,7 + (a1? — daq)7? + (a,2 — ax %— + hag) 77+ ...., (2.4) 


so that on inversion we derive 


- (=) 8+ (5) 524 (sae ben! sets) P+ ..ccy (28) 


Hy Hy Xy 





a useful relation by which we can relate the red shift 5 to other observables. 

(iii) Heterochromatic apparent and absolute magnitudes. If I* is the apparent 
luminosity of a distant source as registered on the detective device in the photo- 
graphic or radio range, then, as shown in I, /* is expressible in the form 


call rade 
4nD* 


l (2.6) 





E( Ao t) dy (=E(,t) dd) 


1+8’ /1+8 


is the energy radiated per unit time in the emission waveband dA corresponding 
to the received waveband dy, and as well as depending on wavelength A it will 
possibly have an evolutionary dependence on the epoch ¢ of emission which 
we have therefore allowed for. It should be noted, however, that such an 
evolutionary trend may be only apparent in practice, since it may result from a 
progressive effect of preferential selection by the observer of sources from the 
brighter end of the luminosity distribution. One means of distinguishing such 
an effect from genuine evolution is presented in Section 4. 

The function s(A,) of received wavelength takes account of the selective effects 
of the atmosphere and the sensitivity of the photographic plate or other detective 
device. Finally, the quantity D is the ‘‘ luminosity distance ”’ of the source, given 
in terms of the theoretical parameters of the metric (1.2) by the relation 


ae pRo 
P= Tay RO” (2-7) 


p being the (constant) space coordinate of the source. 
Corresponding to (2.6) the registered absolute luminosity L,* of a standard 
source of the same general type in the neighbourhood of the observer will be 


| ” (Xp) E (op to) dp 
L,*= 22 ° 


47107 





(2.8) 
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That is, we have put D = 10 (parsecs) on the right-hand side of (2.6) in accordance 
with the conventional definition of absolute luminosity. In addition we have set 
S=0, t=ky, 

We now denote the registered heterochromatic apparent magnitude (i.e. 
photographic, photovisual, radio, etc.) of the distant source by m, and the corres- 
ponding registered absolute magnitude of the standard nearby source by M,. 
Then m and M, will satisfy the relation 


m—My=2'5 logis (Ly*/I*).. (2.9) 
(iv) m—8 relation. The important red shift—apparent magnitude relation 
in the form derived in I follows from the foregoing equations and is 


m= 5 log (¢8) + My 5logya~ 5 + 1-086(x + 8 +4*+2*) 844.000), 


(2.10) 
The coefficients «* and A* in the linear term are explained below. 

(v) Red shift ‘‘correction’’. The quantity 1-086«*5, when taken to the left-hand 
side of (2.10) is the orthodox correction, to the first order in 5, which used to be 
applied to the measured magnitude m to convert it to a bolometric magnitude in 
terms of which the theoretical relation was formerly written. However, it was 
shown in I that, in the presence of possible evolutionary effects on the emission 
spectrum, it is moredirect to incorporate all ‘‘corrections”’ in a theoretical formula 
involving the magnitudes as registered and not to work in terms of bolometric 
magnitudes. 

x* is given by the following equation 





| ” so) Ao’ to) do 
K*® =I+ _ > 
| ~ $06) E Qo to) dy 


where 
Ente) = 3 (BC ty 


For a narrow waveband of reception dA, in the neighbourhood of some effective 
wavelength Ap, with s(A)) =o outside this waveband, we can write approximately 
Ay’ Qosto) 

E (Ay to) 
This would be a useful approximation in the case of colour photometry, or in 
radio reception, where the wavebands employed are narrow. 

(vi) Evolutionary “ correction’’, The term 1-086A*8 in (2.10) arises from an 
assumed systematic evolution (or apparent evolution associated with selection 
effect) of the emission spectra of the sources being studied, and A* is given by the 
equation 


K*=1+ (2.12) 


) * s(e) EQ to) Do 
a | $(Xe) EQon to) dy 


A* = 





(2.13) 
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(ii) Red shift and 5-1 relation. The Doppler effect on radiation from distant 
sources (of constant p, #, ¢ coordinates) due to the expansion of the universe of 
metric (1.2), assuming R(t) monotonic increasing, is such that 


A =14+5— R(t) (2.3) 


r R(t) * 


Here A is the wavelength of emission as measured at the source at epoch ¢, while A, 
is the wavelength of the radiation when received at epoch fy. 
The expansion of the red shift parameter 5 in powers of 7 is 


8 = 047 + (41? — dag) 7? + (443 — xq + Ferg) TP + 20005 (2.4) 


so that on inversion we derive 


ion 2 4 3 Rint 
r= (=) 8+ (25%) a4 (4 a"g + Ha Hit) 54 .0.., (2.5) 


Hy 1 hy 





a useful relation by which we can relate the red shift 5 to other observables. 

(iii) Heterochromatic apparent and absolute magnitudes. If I* is the apparent 
luminosity of a distant source as registered on the detective device in the photo- 
graphic or radio range, then, as shown in I, /* is expressible in the form 


eal (Sea 
47D* 





(2.6) 


E( ro t) do (= E(A,t) da) 


1+8’ J/1+8 


is the energy radiated per unit time in the emission waveband dA corresponding 
to the received waveband dA), and as well as depending on wavelength A it will 
possibly have an evolutionary dependence on the epoch t of emission which 
we have therefore allowed for. It should be noted, however, that such an 
evolutionary trend may be only apparent in practice, since it may result from a 
progressive effect of preferential selection by the observer of sources from the 
brighter end of the luminosity distribution. One means of distinguishing such 
an effect from genuine evolution is presented in Section 4. 

The function s(A,) of received wavelength takes account of the selective effects 
of the atmosphere and the sensitivity of the photographic plate or other detective 
device. Finally, the quantity D is the ‘‘ luminosity distance ’’ of the source, given 
in terms of the theoretical parameters of the metric (1.2) by the relation 


a pRo 
~ Fea) RO’ _ 





p being the (constant) space coordinate of the source. 
Corresponding to (2.6) the registered absolute luminosity L,* of a standard 
source of the same general type in the neighbourhood of the observer will be 


| ” (Ap) E (gs to) dp 
L,* = 0 ° 


47107 





(2.8) 
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That is, we have put D = 10 (parsecs) on the right-hand e2de of (2.6) in accordance 
with the conventional definition of absolute luminosity. In addition we have set 
S=0, t= fy. 

We now denote the registered heterochromatic apparent magnitude (i.e. 
photographic, photovisual, radio, etc.) of the distant source by m, and the corres- 
ponding registered absolute magnitude of the standard nearby source by M,. 
Then m and M, will satisfy the relation 


m — My=2'5 logy (Ly*/I*).. (2.9) 
(iv) m—8 relation. ‘The important red shift—apparent magnitude relation 
in the form derived in I follows from the foregoing equations and is 


m= 5 logyo(cd) + My— 5 logyg a — 5 + 1086 (1+ += =! +x* ++) 5 + O(8*). 


(2.10) 
The coefficients x* and A* in the linear term are explained below. 

(v) Red shift ‘‘correction’’. The quantity 1-086«*5, when taken to the left-hand 
side of (2.10) is the orthodox correction, to the first order in 5, which used to be 
applied to the measured magnitude m to convert it to a bolometric magnitude in 
terms of which the theoretical relation was formerly written. However, it was 
shown in I that, in the presence of possible evolutionary effects on the emission 
spectrum, it is moredirect to incorporate all ‘‘corrections’’ in a theoretical formula 
involving the magnitudes as registered and not to work in terms of bolometric 
magnitudes. 

x* is given by the following equation 


| * sQo)doE Qos te) de 
[ #00) B Qo te) a 


«* =1+ 





where 
E’Qonte)= 3 (EQ teh, 


For a narrow waveband of reception Pe in the neighbourhood of some effective 
wavelength Ao, with s(A)) =o outside this waveband, we can write approximately 
AoE’ ote) 

E (A, to) 
This would be a useful approximation in the case of colour photometry, or in 
radio reception, where the wavebands employed are narrow. 

(vi) Evolutionary ‘* correction ”, The term 1-086A*6 in (2.10) arises from an 
assumed systematic evolution (or apparent evolution associated with selection 
effect) of the emission spectra of the sources being studied, and A* is given by the 
equation 


= + (2.12) 


| ” s(Xo) Eo» fo) dp 
A* = —>2 5 (2.13) 
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For narrow wavebands this may be written approximately as 
E(o, to) 
A* as te, 2.1 
aa Est) tg 
A* may also be related to the present rate of evolution of the corresponding hetero- 
chromatic absolute magnitude by the formula 
A* = —0'92 Mya, (2.15) 
the selectivity function s(A)) remaining invariable in the time derivative of Mg. 
(vii) Information provided by the m—8 observational data. ‘The red shift— 
apparent magnitude relation (2.10) would provide, when fitted to the observational 
data, statistical values for the constants 
My — 5 logio%s— 5; (2.16) 
and 


a 
1-086 (1+ _~ tet), (2.17) 


1 
The parameter «, is Hubble’s constant for the model in question, and a knowledge 
of the numerical value of (2.16) would yield this constant since the value of M, 
would be known from statistical studies of nearby sources of the specified type. 

The expression (2.17) contains the important parameter a, which is positive 
or negative according as the expansion of the universe is accelerating or decelerating 
at the present epoch. Unfortunately, although «* can be derived by empirical 
calculation based on studies of local standard sources, we cannot arrive at even 
the sign of «, without a knowledge of the evolutionary parameter A*. Indeed, the 
value of this parameter must be regarded as one of the important quantities to be 
determined before the cosmological problem can be solved. One approach might 
be by estimation based on theories of evolution of stars and of observational selec- 
tion effects, but much essential information is still required for such estimates to 
be reliedon. However, A* may be derived independently by means of the number 
counts in conjunction with the m—6 data, as will be shown in this paper. The 
number counts may also provide independently the values of «, and a . 

3- Number counts related to red shift in an evolutionary universe.—Formulae 
involving the numbers of nebulae in regions of space corresponding to given limits 
of apparent magnitude have been put forward by earlier writers, notably McCrea 
(8), Hubble and Tolman (9), Heckmann (10), McVittie (11, 12, 13), and 
Robertson (14). Our endeavour here will be to improve and add to their results 
according to the criteria stated in Section 1. It has been thought profitable to 
follow the presentation of each formula with a discussion of the procedure followed, 
the assumptions made, and the information that may be derived by application to 
the actual universe. 

Preliminary to relating the number counts to other observables, we require the 
expression for the theoretical number of sources of a given character in the volume 
of space corresponding to limits p =o to general p of the cosmological metric (1.2) 
and observed from p=o at epoch ty. This was obtained by McCrea (8) and is, in 
our notation, 

a es p® dp 
Nepdmaeme | ema” 


where n, is the number of sources in unit proper volume at epoch fy. 


(3-1) 
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By expansion of the integrand in (3.1) and at tr term by term we find 


N(p)= tang {p*— 25 +-0(9")} (3.2) 


so that, substituting for p in terms of + by means of (2.2), we derive to sufficient 
approximation for our purpose 


N(t)= any | + 31 4 40(8)} (3.3) 


Substitution now for 7 in terms of 5 by means of (2.5) yields the N—8 relation 
which it is convenient to write in the following logarithmic form 


loge N(8) = 3 logo(c8) + log ( xmolay*) +0°651 (“4 ~1)8+0(84). (3-4) 
Discussion : 

(i) Assumption of uniformity of source distribution. Although the metric (1.2) 
corresponds to a universe that is spatially uniform, and the expression (3.1) for 
N(p) refers to a uniform distribution of sources at each epoch t¢, contrary at least 
to the phenomenon of apparent clustering of galaxies, it may be assumed that the 
region of space dealt with is so large as to nullify any errors in this representation. 
The assumption expresses in effect the so-called ‘‘ cosmological principle” 
according to which there is, on a sufficiently large scale, spatial isotropy in the 
distribution and motion of galaxies at each epoch ¢ with respect to every 
‘‘ fundamental ’’ observer who is at rest relative to the average motion of matter 
in his (sufficiently large) neighbourhood. It can be shown geometrically that 
this demands large scale spatial homogeneity. Our metric (1.2) represents such 
a universe with its local irregularities smoothed out. 

All the observational evidence so far goes to justify the cosmological principle. 
This principle may be regarded as equivalent to the spatially stationary stochastic 
process envisaged by Neyman and Scott. 

(ii) Assumption of source conservation. It must be pointed out that the formula 
(3.1) assumes number conservation of sources as the universe expands. In the 
case of ordinary galaxies this assumption may be justified by the argument that, 
in the absence of continual creation, the intergalaxial density of matter becomes so 
low due to the expansion that after a certain stage no further condensation into 
new galaxies is possible. On the other hand all galaxies once formed will be 
composed predominantly of stars which have a lifetime greater than the past 
period of expansion, as calculated approximately by the Hubble law, and so no 
galaxy could yet have ceased to radiate and become invisible. 

However, the formula would not extend to those very distant regions in which, 
when the radiation was emitted, galaxies were still being formed. A rapid 
decrease of the source counts at such a range would nevertheless be direct evidence 
of an evolutionary universe. While this range is unlikely to be observed by the 
optical instruments it is possible that it may come into the radio range. 

The formula (3.1) may not in any case apply to counts of radio sources in an 
evolutionary universe if these should arise by colliding galaxies, and an alternative 
number count formula which may be appropriate to such a phenomenon will be 
given in Section 5: 

(iii) Order of approximation in 5-—the curvature of space. ‘The relation (3.4) 
neglects terms of order 5? and so does not take account of the curvature of space 
at the present epoch. Calculation shows that the coefficient of 5* contains the 
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curvature but is very complicated, including also terms such as «,/«,3 and (a./«,?)?. 
Thus it would not be profitable to analyse this term from the observational data, 
although in practice a term in 5* might be formally allowed for, to give correct 
weight to the coefficient of 5. It seems best at present to obtain the curvature for an 
evolutionary universe by appealing to the field equations of general relativity for a 
universe of metric (1.2), it being assumed that the parameters «, and «, have been 
already determined. The relevant analysis for this purpose has been given by 
Hoyle and Sandage (15) and will not be repeated here. 

(iv) The Hubble parameter «,. From the relation (3.4), fitted to the observa- 
tional data, we may deduce a value for the quantity m)/a,°. A knowledge of mp, 
which would be obtained as the statistical average density of the sources at epoch ty 
(i.e. near the observer), would therefore permit a check on the value of the Hubble 
constant a, obtained otherwise from the m—6 relation (2.10). 

(v) The acceleration parameter «,/a,*._ The importance of a relation between N 
and 4, such as is given by (3.4), seems to have been overlooked in the past with 
regard to its ability to provide directly the fundamental quantity «,/«,? from the 
coefficient of 5. The formula (3.4) assumes that the universe has an evolutionary 
character but a similar relation applicable to a steady-state universe will be given in 
Section 6. 

It is to be noted that the uncertainty in deriving «,/«,” from the m—6 relation 
(2.10), because of the presence of the unknown evolutionary parameter A*, does not 
arise here. This is a great advantage which might justify the laborious measure- 
ments of red shift to the same extent as the counts for limited areas of the sky anda 
limited range of 8. It is very much to be hoped that advances in technique will 
ultimately permit the registration of red shifts on a sufficiently large scale for such a 
valuable programme to be carried out. It would be important in using this 
formula that 6 should not be too large, for two reasons. First, the formula (3.1) 
assumes that a// the sources in the region of space being studied can be observed, 
despite any dispersion in their absolute magnitudes. Secondly, (3.4) assumes that 
the red shift of every source counted can be obtained. On the other hand the 
range would not have to be too small, since otherwise errors arising from the effect 
of clustering would not be averaged out. 

(vi) The evolutionary parameter 4*. The value of «,/a,? obtained as in (v) 
would, by substitution into the expression (2.17) obtained from the m — 6 relation, 
permit the determination of the evolutionary parameter A* for an evolving universe. 
However, care must be exercised before attributing this value of A* entirely to 
genuine overall evolution, since it may partly arise as an effect of selection. A 
means of deriving that part of A* due to genuine evolution, other than by the theory 
of evolution of stars, is given by the m—log N relation analysed in Section 4. 

4. Number counts related to apparent magnitude in an evolutionary universe.—By 


eliminating 5 between the equations (2.10) and (3.4) we find, neglecting terms of 
order 5?, 


logio N(m) = logy(40007N9/3 ) + 0°6(m — Mo) 
—6°51(2+«* +A*) (=) 10%Mm— Me), (4.1) 
Thus N(m) represents the number of sources of apparent magnitude less than or 


equal to m. As in (2.10) the parameter M, is the heterochromatic absolute 
magnitude of a standard source at the epoch ¢, of observation. 
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On differentiating this relation we find for its gradient, neglecting 8, 


or, in terms of 4, 
d(logioN) 
dm 


=0°6 {1 — $(2+«* +A*)8 + O(8)}. (4-3) 
Discussion 

(i) The parameter *. From equations (4.1) or (4.2) fitted to the number 
count data we should be able to derive a value for «* + A* (the Hubble parameter a, 
and the standard absolute magnitude M, being assumed known). Since «* is a 
quantity which may be derived empirically by examination of the spectrum of the 
standard source, we thus arrive at a value for A* appropriate to the evolving universe 
that we are considering. 

Now, in using the m — log N relation it is the apparent magnitude of the source 
that is measured and not its red shift. Thus, although we obtained this formula by 
relating 5 to m in accordance with (2.10), it is appropriate here to attribute A* to 
genuine evolution only, and not partly to a selection effect that might arise with an 
actual measure of red shift. This is because of the very much greater sample of 
galaxies that can be examined in the case of the m— N observations, thus reducing 
the selection effect. In fact our formula (3.1) for N assumes that all the sources in 
any region of space can be observed, and indeed it must be remembered that it may 
be possible, if the distance be not too great, to determine the apparent magnitude 
of all sources in a given region whereas it might not be possible to determine all 
their red shifts. Naturally, however, there must be an upper limit, depending on 
the luminosity distribution of the sources and the sensitivity of the photographic 
plate, etc., to the values of m employed in the data if the formulae are to be 
correctly applied. 

(ii) Selection effect in the red shift—apparent magnitude data. ‘The deter- 
mination of A* by the method indicated in Section 3 (vi) minus that value for A* 
determined as in (i) above should indicate, for the case of an evolutionary universe 
to which the present number count relations apply, how much of the evolutionary 
parameter occurring in (2.10) is due to a selection effect in the choice of sources for 
the redshift measurement. This would determine the first time derivative of M, 
arising from selection effects and would provide valuable information regarding 
the range of the luminosity distribution for not too distant sources. However, it 
must be pointed out that the second time derivative of M,, arising from both 
evolutionary changes and selection effects, might be of significant order for m—8 
measurements pursued to greater distances than are contemplated for the m— N 
relation. The second time derivative of M, would come into the terms of higher 
order which are not evaluated explicitly in our formulae. 

Other means of detecting the presence of m—8 selection effect, based on 
measurements of angular distribution, will be dealt with in a later paper. 

(iii) Measures of evolution (optical counts). ‘The value of A* determined as in 
(i) above will indicate, in accordance with (2.13) and (2.15), the present rate of 
genuine evolution in the intrinsic luminosity of a typical source. 

We see from (4.2) that the gradient of the m—log N curve for 50 is equal to 
0-6. A gradient steeper than this associated with more remote regions of space 
could arise in the next approximation only if «*+A*< —2. For photographic 
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magnitudes the tables given by Humason, Mayall, and Sandage in their paper 
presenting the red shift data (16) indicate that the orthodox red shift ‘‘ correction”, 
i.e. neglecting evolutionary effects, is to good approximation a linear one corres- 
ponding in our formalism to x*=4-3. Consequently, a gradient steeper than 0-6 
in the photographic wavelengths would require A* < —6°3. By (2.15) this means 
M,>6-8a,. Taking 1/a,<2 x 10" yrs, we derive My > 0-34 mag/1o*® yrs. Such a 
rapid rate of evolution required for a gradient steeper than 0-6 makes it unlikely 
that such an effect will be found in the photographic range. 

(iv) Measures of evolution (radio counts). At radio wavelengths a gradient 
steeper than o-6 has been found for the extragalactic radio sources by Ryle and his 
co-workers at Cambridge (17, 18). (These authors graph log N against log I 
where J is the flux of energy per unit frequency of the fixed waveband of reception 
used. Consequently, the value of a gradient which is 0-6 in our notation would be 
o°6 x —2°5= —1°5 in theirs and they actually find a gradient steeper than —2.) 
We shall assume in the present discussion that radio sources are distributed 
uniformly in space at each epoch ¢. If in addition their density in space is a 
constant fraction of that of ordinary galaxies, whether they arise by the collision of 
galaxies or not, then formulae (4-1) and (4.2) would still be valid for sufficiently near 
sources with m, M,, «* and A* now referring to radio wavelengths. 

The radio spectrum appears to obey a power law so that the flux density 
I ocv* where x is a constant and v is the frequency. The average value of x for 
the nearer extragalactic sources has been found to be —1-2 (1g). Accordingly, 
in the notation of Section 2, the rate of emission per unit wavelength at the present 
epoch will be E(A, t))ocA-*8. Whence, referring to (2.12) we find that for radio 
wavelengths in narrow wavebands x* = 0-2 on the average. Consequently, since a 
monotonic increase of the gradient of the m—log N curve from the local value of 
o-6 must theoretically show itself in the coefficient of the term of order 5, this 
requires A* < —2-2. By (2.15), taking once again 1/«,<2x 10” yrs, this means 
that the standard absolute radio magnitude M,, in the appropriate range of wave- 
length, must be increasing at the present epoch at a rate equal to o-1 mag/1o® yrs 
at the minimum. The required rate will exceed this value in proportion as 
1/a, is less than 2x 10 yrs. In any event it is clear that considerably less rapid 
evolutionary changes are required in the radio case than in the optical. 

Although it does not affect the validity of the above theoretical considerations 
for an ideally smooth distribution of sources a possibly serious objection to the 
application of our formulae to the radio counts may be raised on the grounds that, 
as Ryle believes, the radio sources that have been detected are so sparsely distri- 
buted that the majority of them are at very great distances (61). Thus limited 
expansion in series, even to order 8, may be of doubtful validity at this range. 
Without knowledge of the very cosmological solution that we are seeking we cannot 
say how rapidly the Taylor series would converge at 51. There is at least the 
fortunate circumstance that the radio spectrum appears to have no kinks in it 
which would seriously affect red shift approximations at this range. Nevertheless, 
a more suitable procedure for radio counts might be to extend (4.1), without 
explicitly calculating the higher coefficients, in the form 


logy N(m) = log, 9(40007N9/3) + 0°6(m — M,)—6-51(2 +«* +A*) (=) 10° %m— Me) 


+ A10%Hm—M.) 4. Br oh HKm—Ms), (4.4) 
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with a similar extension of (4.2) yielding 


fe) =0 6{1 —5(2+K* +ar)(% ) 10% Hm — Me) + 1-54 AO Km Me 


+ 2-zoBioram-mo} ; (4-5) 


A few of the most powerful radio sources have been identified optically as 
colliding galaxies, and it has been suggested that the majority of the more distant 
sources are in fact of this nature. It will be of interest to establish in Section 5 an 
alternative number count formula which may in certain circumstances be more 
appropriate to this possibility in an evolutionary universe. 

5. An alternative number count formula for radio sources in an evolutionary 
untverse.—If radio sources arise by a kinetic effect then they may not always 
represent, independently of epoch, a constant fraction of the population of ordinary 
galaxies which the Discussion (iv) of Section 4 assumes. _ If collisions occur mainly 
inside clusters, and if these are assumed not to share in the expansion of the 
universe then, taken statistically, the radio sources might indeed represent a con- 
stant fraction of ordinary galaxies. But it may be that the formation of clusters is a 
comparatively recent process in an evolutionary universe so that these considera- 
tions may not extend to earlier epochs when the universe was in a more contracted 
state. 

Accordingly, as an illustration of the possibilities we shall derive a formula 
applicable to an expanding universe in which radio sources arise by the ‘ molecular’ 
collisions of galaxies uniformly distributed, i.e. without clustering, at each epoch ¢. 

If n(t) is the number density of galaxies at epoch ¢ then, by reason of assumed 
conservation of galaxies, we can write 


n(t)R9(t) = mgRe’, (5-1) 
where as before m, is the value of n(t) at the epoch #, of observation. 
Let n(t) be the number density of colliding galaxies. ‘Then we may put 


n(t)=Bn*(t) (8 constant). (5-2) 

This may be justified as follows. If a(t) is the cross-section of the average 
for collisions then a galaxy will make approximately n(t) a(t) V(t) collisions in 
unit time, V(t) being the average random velocity of a galaxy relative to the back- 
ground stratum of galaxies. Each collision will last a time of order a¥*/V so that 
the number of collisions occurring in unit volume at any time will be approxi- 
mately n?a¥?, We now make the assumption that the variation of a with t can be 
neglected for our purposes and so (5.2) follows. 

In terms of the metric (1.2), therefore, the number N(p) of colliding galaxies 
whose radial coordinate is less than or equal to the general value p will be 


N(e)=4 [00 BO. A. | G8) 


Here ?, the epoch of emission of wre. from the source of coordinate p, is a 
function of p in accordance with the equation of the null geodesic world line of the 
radiation, namely 


“fs -fo (s4) 
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Hence by (5.1), (5.2), and (5.3) 
Neo) =4900R* | aryl aa (5.5) 
o R*(t)(1 + p*/a*)? 
where =n, is the density of sources arising by collision of galaxies at the 
present epoch. 
Using now (2.1), (2.2), and (2.5) we may straightforwardly derive an expansion 
for log N in terms of 5 analogous to (3.4). Elimination of 5 by means of (2.10) 


finally yields the m — log N relation analogous to, and of the same order of approxi- 
mation as, (4.4): 


logyg N(m) = logy (eo) +0-6(m— M,)—6-51(4+«* +A*) () 100 2m— M,) 
+ A’ 19? Hm— Me) +. BY 19K M.), (5.6) 


A’ and B’ being constant coefficients not specifically evaluated. For the gradient 
of this relation we then derive 


d(logioN) =06{1 —5(h+n* +A*) (=) 10% 2Xm— BM.) 
dm a c 





+1°54A' 10% Hm Me) + 2-30B' roma}, (5-7) 


Discussion 

According to (5.7) a monotonic increase in the gradient of the m—log N curve 
would require A* < — 0-7, if as before we take «* 0-2 for the radio spectrum. By 
(2.15), therefore, with 1/a, <2 x 10 yrs this corresponds to M, > 0-04 mag/1o* yrs. 
This is a substantially smaller minimum rate of evolution for the present epoch 
than that found in Section 4 (iv) for the same gradient phenomenon. 

In an expanding universe we can expect the average random velocity V(t) of 
galaxies to have been greater inthe past. Accordingly, since the collisions between 
galaxies would then have been more intense, and the galaxies themselves would 
have had more gaseous content, an evolutionary rate of the amount specified is 
perhaps plausible. 

We emphasize, however, that the present discussion of an ideal universe devoid 
of clusters is for illustration only of the possible effects of conditions in the remote 
regions of the actual universe. We do not imply that the first order terms in (5.6) 
or (5.7) necessarily reflect the conditions of the actual universe in our neigh- 
bourhood. 

6. Number count relations in a steady-state universe. 

(i) ’—log N relation. As for the evolving models we shall assume exact 
uniformity of distribution of the sources at any epoch t, thus neglecting statistical 
variations on a scale smaller than the range of the counts. In addition, in a steady- 
state universe the number z of sources in unit proper volume must remain constant 
independent of epoch. Since the steady-state metric is got from (1.2) by putting 
R(t)=e'? (T constant) and a? = o (22, 23) we obtain, therefore, instead of (3.1) 
the following expression for N(p): 


N(p)=42me-S!? i) ” e&l? p# dp (6.1) 
6 


° 
=47n i} e~ 377 62 dp (6.2) 
0 
where, as before, 7 =t,—t. 
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We can expand N in series employing the relations (2.2) and (2.5) for the special 
case of the steady state. Putting «,=1/7, «,=1/T7*, we therefore derive for the 
6—log N relation 


logyoN/(8)=3 logyo(c8) + logye ($=n7°) 09778 +0(8). (6.3) 


(ii) m—log N relation. For case of the steady-state model we can put A* =o as 
far as the number count relations are concerned (see Discussion (ii)). Accordingly, 
the elimination of 5 between (6.3) and (2.10) yields to the order of our approxima- 
tion 


logioNV(m) =logys (4°°°"*) +0-6(m—M,)— 6-sx(2 +x) (3) 10m Ble), 





(6.4) 
To the same order the gradient of this relation is 
d(logiyN) _.. ae *) a) ow 
rar ae =0641-—5 5 +e) 10” ; (6.5) 


or, in terms of 4, 
‘eteN) ae {: ok (2 +e*) 8+0()} (6.6) 


(iii) m—log N relation (radio counts). It is in the nature of the steady-state 
model that the statistical value of the density of radio sources will be, at every epoch 
and location, a constant fraction of the statistical density of ordinary galaxies, 
whether they arise by the collision of galaxies or not. Therefore, our m—log N 
formula for radio counts will simply be an appropriate extension of (6.4) to include 
higher order terms, of the form 


log yo (m) = logio (een) +0°6(m— M,)— 6°51 (2 +x?) (4) 100%m— 2M) 
+ F 1o0m— Me) 4. G 10m — Mi), (6.7) 


The gradient of the m—log N curve is then 


d(logyyV) _-f7 .*\f © \ p,02m—m) 
a =06f1 s(2 +K op) t° 
+ 1°54 F 10°™—M) +. 2-30G teat - (6.8) 





(iv) Exact relations for the steady-state model. Because of the well defined 
nature of the steady-state model it is possible to derive exact expressions for the 
number count relations in terms of § as a parameter. This will be an advantage in 
observational programmes that directly test for a steady-state universe. 

By (5.4) we can write for the coordinate p in a steady-state universe 


p=cT (e"?—1), (6.9) 

and by (2.3) we can write 7 in terms of 5, thus: 
ev? =1 +8, (6.10) 
Substitution from (6.9) and (6.10) into (6.2) then yields for N(8) the expression 
N(8)=4nnerT* {0-434 logs +3)- sone} (6.11) 


a result originally given by Bondi and Gold (22). 
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Turning to the m—log N relation an exact expression for the heterochromatic 
apparent magnitude m of a source in terms of 5 may be derived from the sum- 
marized analysis of Section 2 or the more detailed work of Paper I. This may be 
written, for the case when there is no evolution of the source, 


m= § log,9{cT8(1 +5)} + Ko(5)+ My—5, (6.12) 
where Ky is the exact red shift ‘‘ correction’ defined by equation (4.8) of Paper I. 
In the linearised approximation of Section 2, Ky= 1-086«*5. As in (ii) above the 
evolutionary correction is not included here for the reason stated in Discussion (ii) 
below. If we now differentiate (6.11) and (6.12) we obtain the exact expression 
for the gradient of the m—log N curve in terms of 8: 

d(logioN) ie 
dm 
25% 


{s¢ + 28) + 2°3035(1 +5 4 {4°606(1 +8) log,o(1 +8)-8(2+38)} ; 


(6.13) 





Discussion 


(i) The Hubble parameter. In the case of a steady-state universe the Hubble 
constant «, is equal to 1/7. Thus, as in the case of the evolutionary models, the 
5 — log N data would provide a check on the value of this constant, obtained other- 
wise from the m—6 relation, by substituting in the present case the value of 2 
derived from local observations into (6.3). 

(ii) The parameter \*. In the number count relations (6.4), (6.5), (6.6), we 


have put A* =o, and neglected evolution in (6.12) and (6.13). This is because in 
the case of the steady-state model a non-zero value of A* in the m — 5 relation (2.10) 
could arise only in virtue of an apparent evolutionary trend in the observed spectra 
due to selection effect (cf. Paper 1). Accordingly, as mentioned in the case of the 
evolutionary models in Section 4 (i), since the envisaged application of the 
number count relations implies absence of selection effects, it is appropriate before 
eliminating 5 in (6.3) by means of (2.10) to putA*=o. The number count rela- 
tions for the steady-state model, if the conditions for their validity are fulfilled, are 
therefore particularly easy to check against the observed relations. 

(iii) Selection effect in the m—& data in a steady-state universe. Assuming 
that the steady-state model had been established by means of the number count 
data (cf. Section 7), we should then be able to substitute «,/a,?=1 in the m—6 
relation (2.10). Accordingly, a knowledge of «* derived from the standard 
local spectrum would allow us to deduce the value of A* relevant to the red shift 
data in a steady-state universe. As mentioned in (ii) above this value of A* must 
arise solely from selection effect in this case. Consequently, the knowledge of the 
value of A* so derived would be valuable since it would provide some indication of 
the range of the luminosity distribution of sources over a limited region of a steady- 
state universe. Of course, the luminosity distribution could only be fully assessed 
in a steady-state universe by taking into account the most widely scattered 
observable sources of the same age, since among these would be the oldest observ- 
able sources and therefore the most advanced in individual evolution. 

7. The number counts as criteria for distinction between an evolutionary universe 
and a steady-state universe. We recall here that, in any comparison between the 
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theoretical relations presented in this paper and those relations actually observed, 
terms of higher order may be formally allowed for in the process of curve fitting by 
least squares although they have been omitted here on the grounds that they are too 
complicated for practical analysis. This would where necessary give greater 
accuracy to the important coefficients determined for the terms of lower order. 

(i) 5—log N relation. The formula (6.3) provides a definite coefficient of 5, 
approximately equal to —1, which would have to be satisfied by the —log N 
relation in a steady-state universe. Comparing with the corresponding relation 
(3.4) for the optical counts in an evolutionary universe we see that for the same 
value of «,/a,? as applies for the steady-state model, namely unity, the coefficient 
would be zero. This is one aspect of the great value of the number count relations 
in distinguishing between these two kinds of universe. 

If, therefore, a coefficient of 5 substantially different from — 1 were found from 
the 5—log N data the steady-state model would be ruled out. On the other hand 
the steady-state model could not be definitely established or the basis of this rela- 
tion alone since the same coefficient of 5 would be found in an evolutionary universe 
for which a,/«,2= —4. Decisive distinction in this case could nevertheless be 
made by appealing to the exact relation for the steady-state model given by (6.11), 
or alternatively to the m — log N data. 

(ii) m—log N relation (optical counts). Since «* is known the relations (6.4), 
(6.5), (6.6) provide definite coefficients in the respective terms of order 6 for the 
steady-state model. It will be sufficient for illustration to consider the coefficient 
of 8 in (6.6). This is —0-3($+«*). In the corresponding formula (4.3) for 
evolutionary models the coefficient is — 0-3(2+«*+A*). Since it is plausible to 
assume that the parameter A* will be negative for an evolving universe in which 
there is no creation of matter, it follows that the coefficient in this case will be 
definitely greater than for the steady-state model. Although «* is relatively large 
for the photographic range, taking a value in the neighbourhood of 4 (Section 
4(iii)), the detection of this difference in the coefficients should nevertheless be 
feasible. 

(iii) m—log N relation (radio counts). For the steady-state model, as pointed 
out in Section 6 (iii), the m—log N relation for the radio counts will be the same as 
that for the optical counts provided we make the appropriate interpretation of the 
symbols. As we have seen inSection 4 (iv), «* is very small for the radio spectrum, 


of order 0-2. Consequently, the coefficient of (=) 10°%X(m—M.)+1 (5, when 3 is 


small) in (6.8) is approximately — 1-1. 

In the case of the evolutionary models we have to consider (4.4) and (4.5) if the 
ratio of the spatial densities of radio sources and ordinary galaxies is independent of 
epoch. If this proviso does not hold then different formulae would be relevant, as 
exemplified by (5.6) and (5.7). Weshall confine our considerations to the former 
case only. 

If we assume that higher time derivatives of parameters are sufficiently small 
for (4.4) and (4.5) to bea satisfactory fit to the data then the data would provide the 


coefficient of (*) 109%m-I)+1 (<8, when 8 is small) in (4.5), namely 


—o-3(2+«*+A*). Taking «*0-2, and A*<o as in the case of the optical 
counts, this coefficient would be algebraically greater than — 0-7 in an evolutionary 
universe, whatever the value of A*. ‘Thus, the minimum percentage difference 
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between these coefficients for the two kinds of universe in the case of radio sources 
is substantially greater than the difference expected for the optical counts. 

As has also been pointed out by McVittie (13), one of the great difficulties in 
interpreting number count data for radio sources in terms of theoretical formulae is 
the lack of knowledge of what is to be regarded as the ‘‘ standard” source of average 
strength at the present epoch of emission. That is, in terms of the m—log N 
formulae occurring in this paper we require to know the absolute magnitude M, of 
the standard radio source. Among the few nearer sources whose distances are 
known there is unfortunately a wide variation in the strength of emission. It is 
clear that this makes interpretation of the data in terms of evolutionary trends very 
uncertain. A reliable working average value for M, will not be available until the 
distances to more sources have been determined. 

There is of course the criterion as to whether the gradient of the m—log N 
relation steepens or falls from the expected local value of 0-6 as the distance 
increases. ‘This criterion does not require the determination of My. In the case 
of the steady-state model this gradient must monotonically decrease from 0-6. It is 
interesting to get some idea of its value for specific value of 5 from its exact expres- 
sion in (6.13). We shall neglect the quantity dK,/d6 in this expression since it is 
approximately equal to «* when 4 is small, and it is probably always small or at 
any rate positive. ‘Thus, when 6=0-1 we find that d(log,)>N)/dm=o-53. When 
5 =0-2, near the limit of the optical telescopes, it is nearly 0-46. For radio sources 
at = 1 we find that in a steady-state universe the m—log,)N gradient would be as 
low as 0°25. 

On the other hand the results of the Cambridge counts yield a gradient in the 
region of unity (in our notation), while the Australian counts correspond to a 
gradient of 0-7. But the marked lack of coincidences between the two surveys 
with respect to the weaker sources would indicate that serious errors are present 
in the data, rather than the conclusion that the steady-state theory is not the true 
cosmology. 

Much of the material presented in this paper formed part of a Ph.D thesis 
submitted to the University of London in March 1958 while the author was at 
Royal Holloway College. My thanks are due to the authorities for permission to 
publish. I should also like to thank the referee for his helpful criticisms of the 
first draft of the paper. 


Mathematics Department, 
Battersea College of Technology, 
London, S.W.11: 


1959 May 6. 
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ERRATUM 


M.N. 119, No. 3, pp. 213-222, 1959: 
F. Saiedy and R. M. Goody, The solar emission intensity at 11 ». 


p. 215, penultimate line of second paragraph, 
for 1100uV read 11000 pV. 





Russian summaries 


PESIOME A OITYBJIAKOBAHHBIX, B No. 5 BBIITYCKE, B 
NEPEBOQE HA PYCCKHH A3bIK 


HOBOE OFIPEZEJIEHHE H3MEHEHHA “ WEHTP-KPAH ” 
JUIMH BOJIH B CITIEKTPE COJIHLIIA 


M. I’. Adam 


Ypenmuenne AJIMHbI BOJIHbI OT We¢HTpa K Kpaio, KOTOpoe HaOMONACTCA AULA COMHEUHBIX JMHMM 
cpegHeli MHTCHCHBHOCTH, MpOMCXOAMT MOUTH UeIMKOM Ha@ NOCI¢qHHX 10% nyTH no yucky. Jo 
cux nop He Gbii0 caenaHo usmMepeHHii B 9TOM OOmacTM C AOCTaTOUHO BEICOKHM paspelliecHHem 
qIMcKa. 35-M OKCibopjickuii Teneckon, KOTOpbI faeT n300paxxeHne Comnua paguMycom 165 MM, 
HCTIOJIb3SOBAJICA [JIA MIPOBeCHHA LeTaIbHbIx HaGOAeHH KpaeRoro s¢deKkta B 261 TOUKe ZHMCKa 
Ha wImMpoTax, 6M3KHX K COJIHeUHOMy 9KBaTOpy. Bce naGmojaBummeca TOUKH JexKaT 6nM3KO K 
Kpalo Ha paCcCTOAHMAX OT WeHTpa 85-100% payuyca Qucka. OtyenbHbie HaGmoeHHA NOKaSbIBalOT 
OTHOCHTeJIBHO cpeyHeli KpHBOM 3HaYHTeIbHbIe yKTyallMM, KOTOpbie CliexyeT MPHMMCLIBaTS 
BJIMAHMIO JIOK@JIBHBIX Mosel CKkOpocteii, CyUeCTBYIOWIMX, Kak H3BeCcTHO, Ha Comnue. Ilokasano, 
YTO CHCTEMATHUCCKHE PaSHOCTH, KOTOPbI€ BbIABJIAIOTCA B H3Me€PeCHHAX Ha BOCTOUHOM HM 3allayjHOM 
Kpasx [JIA paccTosHMl oT ueHTpa, Gombummx 98% comHe4uHOrO pajMyca, ABJIAIOTCA pe3ybTAaTOM 
pacceanua cpeta. IIpu onpegenenuu u3 HaGmo,eHHi KpuBOi KpaeBoro 3¢dpekTa Kpaiine BarxKHO, 
yToOb 6bLIM yYUTeHbI HCKaxKeHHA, OGYCNOBJCHHbIC NONAMM CKOpOocTeii M PpaCcCeAHHbIM CBeTOM. 

Hopaa KpHBaA KpaeBoro 3¢cbeKTa HaXOJMTCA B JOCTaTOUHO XOPOUIeM COracHH CO CTapbiIMH 
onpeyesieHMAMHM JIA BCeii OOmacTH NepeKpbITHA HaOmogeHHii. Ha camoM KpalO HMeeTCA COBHT 
NO OTHOMICHHIO K JJIMHaM BOJIH JUIA LeHTpa AMCIa, KOTOpbiii, CIM e€frO BbIPasHTb KaK JOMiepoB- 
CKYIO CKOPOCTb, COCTaBJIAeT 0,53 KM/CeK. OTO yKa3biBaeT Ha HasIMuHe Ha CaMOM KpaloO KpacHoro 
CMCLIICHHA B 0,84 KM/CeK, CPaBHHMOrO C QiHUITeHHOBCKHM CMeLII¢HHeM B 0,636 KM/CeK. 


OB MHTEPIIPETALIMM COJIHEYHOM FPAHYJIALIMM 
IT. Deazemm 


Mertoyuka HHTeplipeTaliHu HaOJOeCHHH COHeUHOH rpaHy JIA aHaJIM3MpyeTCA CO ClelHasIbHbIM 
yueTOM CTOxacTH¥eCKOH MpHposb! 3TOrTO dusMuecKoro ABJICHHA HM OTCyTCTBHA y mOGOro OnTH- 
yeckoro H306paxKeHHA OCTaTOUHOM HHdOpMaliMH, 4YTOObI NOSBOJIMTb BLIBECTH B ABHOM cbopme 
pactipefieeHve HMHTCHCHBHOCTH B JaHHOM OObeKTe. Muorne 43 OTMC4YCHHLIX HaMH BOMPOCOB 
ABIIAIOTCA 3JIEMCHTAaPHbIMH H MO CYLIeCCTBy He HOBbIMH, OJHAaKO HeOOXOMMOCTL CIellMasIbHOrO 
o6cyKeHHA HM HIUNOCTpallMH KaxKOrO Bompoca GbiylIa AoKaSaHa NOABJICHHeM 3a mMocHeqHee 
BPeMA B JIMTepaType pe3yJIbTaTOB, KOTOpbie H¢€ MMCIOT TOM SHAUHMOCTH, KOTOpPadA MM MPHIIMChI- 
Baetca. B KauecTBe NPHMCHCHHA PaCCMaTPHBaIOTCA OJHOBPeMeHHbie HaOmMOeHHA CKOpocTeli H 
spkoctu rpanyn Puyapaconom copmectxo c Iispapummbyom u Ilnmackerrom. JienaeTca BbIBOR, 
4TO CBHJ[CTCJIbCTBO B MOJIbSy CYIICCTBOBaHHA KOPPeJIALIMH MO)KIy CKOPOCTLIO HM APKOCTEIO 
cnaGee, uem mpegnonaranoch. TapmonmuecKH CBA3aHHbI¢ MepHOAMGHOCTH B ABYX pxAjax 
OKCopCKHX HaOsOeHHH, BOSMOXKHO, MOryT ObITb CBA3aHbI C MarHHTOrHApoOsMHaMMueCcKHMH 
opektTamn, HO TpeMMONO*KeHHe HCKOTOPBIX aBTOPOB O TOM, YTO 3HAUHTeJIBHbIC MepHOAMUHOCTH 
MMeIOT MecTO Hay GombummMMH OG6sactamu Cosma, He NogTBep>Kaaetca. JIanHoe uccueqoBaHHe 
6bLIO 3alllaHHpOBaHO C HeJIbIO COJeiCTBHA NPHBeeHMIO MeTOAOB MHTepmpeTaumM B Gombuiee 
coryiacHe C COBPeMeCHHbIMH JIOCTIDKCHHAMH B OOacTH HaGmOZeHHI TpakyIAWMM, a MporpaMMBl, 

aspaGOTaHHbie Id BbINOJIHeHHA TpeOyeMbIX BBIUMCJICHHii Ha BbIUHMCIMTeENbHOM MaLIMHe, 
EDSAC II, moryt nocay2xuTb ocHoBol 218 GEIcTpoii o6paboTKH HaGmogzeHHii B GynyuieEM. 


MO MOBOLY H-PYHKUMA JULI HSOTPOIHOrO PACCEAHHA 
Al. Y. Cmube u P. Yip 


TloxasaHo, uto H-dbyHKUMH JIA M3OTPOMHOTO paccedHHA B IMIOCKO-NapaienbHOM momyGec- 
KOHCYHOM aTMOcdepe MOryT ObITb J1erKO M TOUHO BLIMHCJICHbI NP MOMOLIM MIpocTodt KBaylpaTypsi. 
OnMcbIBalOTCA MCTOJIbI, KOTOPbI¢ NOSBONAIOT COXPaHHTb TOUHOCTS BbIYHCIICHMI B OKPeCTHOCTH 
or oco6eHHocTeli NObIHTerpanbHOH dbyHKUHH HM ee NpoHsBO_HOM. OKoHuaTembHOe BLIPaKeHHe 
6bLIO NporpaMMMPOBaHO JIA BLIUMCIICHHA C BLIUMCIMTeNbHOM MalMHO IBM 704 4 npoBezeHBI 
BLIUHCICHHA JIA 160 H-cdyuKunii pia sHauennit annG6eno: 


™@ =0 (0°01) 0°90 (0°00§) 0°95 (0001) 0-99 (00005) I°0. 
TlonyueHo xopoulee coriacHe C KOHTPOJIBHbIMH BbIUMCJICHHAMHM, BKJUOUAIOUIMMH MOMCHTbI 
HyJleBoro, MepBoro HM BToporo nopayKos. H-dysakuHA, NoNyueHHaA JIA KOHCepBaTABHOrO 


ciyaaa w=I COBMafaeT C TOUHOCTBIO WO OHO ¢CMHMIbI UlecToro 3HaKa CO 3HauUcCHHAMH, 
HOJY4eHHbIMH [LiaveKom pH NOMOLMIM BUJOH3SMeHeHHO dbopMbI HHTerpana Buxnepa-Xom*ba. 
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Iipupogatca Ta6smub! sHauennit H-dynKunit ya p=0 (0°05) IO m Aa M3OpaHHBIxX 3HaueHHii 
@; TaOHUHbI€ 3SHAaYCHMA OKPyrIeHbI JO eMHMIEI wecToro sHaka. Jina Haxomgenna H- 
dyHkKuHi 21a mo6oro 3HauKHHA w BC MHOOKECTBO BLIUMCICHHBIX dyHkunlt Obi0 anpoKCHMupO- 
BaHO JIA p = 0 (0°05) 1-0 NpH NOMOIH NOsMHOMOB UcObumena No CTreneHAM @& HM MCTOJa HAMMCHBIIMX 
KBapaToB, TIpH¥eM BeCh MPOM@*KYTOK M3M¢CHCHHA mw OT O AO I Gb pa3sOHT Ha HeCKONbKO 
nepeKpbiBaioujix ero uacteli. H-dbyHKuMH, ONpeyeneHHbIc MPH NMOMOMIM STHX NOJMHOMOB, 
o6aqaioT TOUHOCTLIO 0 OgHOi eMHMIILI “eTBeproro sHaKka. I[IpH noMOUIM NOAHHOMOB 
lIpecTaBJIcHb! TaKyKe MOMCHTbI DepBoro NopAyKa. 


JIBOMHOM KAPJIMK HD 16157. TIPERBAPHTEJIBHBIM OTUET 
Jl. C. Deanc 


CnektpockonmueckHe HaOmO2¢CHHA 3TOM 3aMe"aTeILHOM 3Be34bI MPOBOAMIMCh C I9S5I roma 
IPH NOMOUIH HHCTpyMeHTOB O6cepBatopun PayKsmdbd, [iperopua. B macrosujee Bpema 
BJIACTCA JOCTaTOUHO JOCTOBEPHbIM, YTO 3ITO—CTI WBoHHaA 3Be31a, riaBHOH KOMNOHCHT 
KOTOpOli ABJIAeTCA KapJIMKOM mo3sqHero Kilacca K, umeioujimM opOnTabHBili — I, fires 
CYTOK H O4CHb M@JIYIO BeMUMHYy (yHKUMM MACCHI, paBHy1o 0,00871 comHeuHO Macchi. 
nloylaraeTCA, UTO Ha HECKOJILKMX WiaCTMHKax HalijjeHbI NpMsHaKM ClieKkTpa BToporo KOMMOHeHTA. 
Hsmepenupiii mapasiiake OKasasica 0”,083. CnreKTpbI NOxoxKM Ha CneKTp 3sBe3jib1 YY Gem B TOM 
OTHOLUCHHH, UTO BasbMepOBCKHe JIMHHH M JIMHHM Kaiba ABIIAIOTCA 
noxoxxa Ha YY Gem ete # B TOM OTHOMICHHH, 4YTO OHa TakoKe ABJIAETCA NepemeHHol, OOnapyKHu- 
Balouleii H3SMeHeHHA KpHBOM GrecKa OT OAHOTO Ce30Ha K ZPyFOMy; 9TH MSMCHCHHA BbIpaxKeHb 
axe pesue, uem y YY Gem. [Ipencrapnaerca saTpyQHMTexbHbIM OOBACHHTS HX Ha OCHOBE 
O6bruHOH MOIeEIH 3aTMeHHOM WBOMHOH HM NOTOMy MpoOCcTO NPHBOATCA BCe NOUyYeHHbIe MO CHx 
NlOp JaHHble C WesblO CTHMYJIMPOBaHHA HC3aBHCHMbIX HaGuOAeHHi B IPyrMx MecTax. 


BHS3YAJIBHbIE H JIAJIEKME KPACHBIE TPAIMEHTbI H LBETOBBIE 
TEMIIEPATYPbI y KACCHOMEH. II 


Jl. P. Bapbep 


IlpuBogatca JatbHeliume pAybI cnekTpocdboToMeTpHuecKHX rpayueHtos y Cas Ia cpeqHMX 
UIMH BONH 5120 A uw 7090 A HM COOTBeTCTBYIOMIMe IIBCTOBbIC TeMMepaTybi WA NepHoga OT anpena 
1951 20 Wexa6pa 1958 r. Beposrupie caus 3HaveHHi ¢ cocTaBIAIoT +0,03 (BH3yanbHBIli) u 
+0,11 (ganeknii Kpacnbiii) CooTBeTCTBeEHHO. 

Xora B TeueHMe UWIeCTHIeTHerO MHTepBasla, 1952-57, ¢,.. KomeOaloch Me-*y 
SHaUCHHAMH 0,56 M 1,23, CpeqHHi ypoBeHb He OGHapyxKMJI 3aMeTHBIX MamMeHeHH (A¢d= +4-0,03) 
110 CPaBHeHHIO C efO CpeAHHM 3HAYCHMeM JIA NpeAbIyUlero WecTMJIeTHerO NepHona. 

B ormmune OT 9T0rO CpeqHee 3HaueHHe ¢,,,, WIA TOrO Ke NepHojja, 1952—5$7, YMCHBINHIOCE 
Ha 0,38, a B KOHIe 1951 f HauaIMch UMKMMYeCKHe KONeOaHUA MaieKOrO KpacHoro rpajiMeHta, 
aMILIMTya KOTOpBIx 6bL1a ~~0,75. Tipu nanecenum wa rpadm< 9TH SHAYCHHA rpaaqMenta No mKaTcA 
Ha KPHBY1O, YKa3bIBalollly!lO Ha NepHoy, B ~ 1,0 B 1951-52 HM ~ 7,8 B 1956-57 Tr. OTH HECOMHeHHO 
Pea@JIbHbie H3MCHCHHA, M10-BHMMOMY, CBASAHbI C KOPOTKONepHcCAMYCCKMMM BapHallMAMM MHdpak- 
pacHoll HHT€HCHBHOCTH B cneKTpe y Cas, o6yCNOBJICHHbIMH H3¥CHCHHAMM HeNpepbIBHOTO ClieKTpa 
B OGacTH, JerxKalllei B KpacHy!0 CTopony oT mpesena cepun Tlaena. 


INAPOBbIE CKOIMJIEHHA. 4.11. CIEKTPAJIBHbBIE THIIbI OTJIEJIBHbIX 
3BE3], H THM HMHTEFPAJIBHOTO CITEKTPA 


T. Jl. Kunman 


OGcyxgaetca nmpo6mema KiaccHdMKallMM CIICKTPOB OTJICJIbHBIX 
cneKTpa ckomienua. Haiigenbi Tumbi ciekTpos oGonx BAOB, e = Souseecese 
paccmotpeuHni B U.I, a pesybTaTbI CpaBHeHbI C pesyJIbTaTaMu rasa acca M 
MopraHa, OCHOBaHHbIX Ha CiieKTpax c aucnepcueii. 
o6Hapy>KHBaloT CHCTeMaTM4eCKHe OTIMUHA Kak OT Pankmme>cKMx THIIOB, Tak H coun cat or Sonera 
Bsuzy 3Toro B CiiekTpambHbie Tum! Meiianna BHeCeHbI NOUpaBKH C WeNbIo NONyYeHHA THNOB 


MHTerpaIbHbIX CNCKTPOB Ayia 63 CKomienuit B OHOpOsHON cCucTeme. 
OG6cyxKNaeTCA BOMIpOC O TOM, KK CKaSbIBaeTCA OTHOWWeHMe MeTaJLI/BOROpo, Ha CuIaX AHHH 


CIieKTpbi NpHHayiexKalllMx 
M@JIbBHbIMH JIA WX NOKa3aTesiel uBeTa HM CBeTMMOCTeli B CormacHM Cc HaOmOCHHAMM, O7HAKO 
umm bectaxnom ® cueerpex cyOrexeeson momma: Guana Gos Gite Soria Gules Gommens 
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NOMbITKa MpejlCKa3aTb THIMbI MHTCrpasIbHbIx cClieKTpoB NGC 5272 u (c MeHbuleii yBepeHHOCTBIO) 
NATH {pyrmMx ckormennii. Pasnmm4aHaA B MHTerpasibHbIX CIeKTpaX BbISbIBaIOTCA B OCHOBHOM 
Pa3sJIMUMAMM B 3HAYCHHAX OTHOWICHHA MCTaJLI/BOAOPOs M pa3sJIHYHeM OTHOCHTeIbHOM Hace seHHOCTH 
rOpH30HTaIbHOn BeTBH. IIpeycKkasaHHbie CleKTpaJIbHbie THIMbI B Mpesenax On aemMol TOUHOCTH 
cormlacyioTca C HaGJIOJCHHbIMH, YTO CIYKHT NOATBeEP KeCHHeM NPaBHJIbHOCTH Halliero aHasinsa. 

HaiiqeHa KOppeJIAMHA MC>KITy THIIOM MHTerpasIbHOro CMeKTpa CKOMICHHA H KOHUCHTpalnes” K 
raulakTH4eCcKOl MIOcKOcTH. CKOMJIeCHHA CaMOroO PaHHero CrI€KTpaJIbHOrO THMA, 3Be3qbI B KOTOPBIX 
HMMCIOT MaJlO€ OTHOCHTeJIbHOe COJepxKaHHe MeTaJLIOB, OOpasyroT OOuU™pHOe cdhepHueckoe O6naKo 
Cc MaJlOi’ KOHIICHTpalMei K 9TOH MIOCKOCTH; B TO Ke BPCMA CKOMJICHHA CaMOro MOSqHero THMMAa, 
3Be3jIbI B KOTOPBbIX HMCIOT HaHOOJIbIee COePKaHHe MeTaJVIOB, NOKa3bIBalOT CHJIBHYIO KOHIICH- 
TpallMio K raslaKTH4ecKOM MmiocKOcTH. CKOMJIe€HHA NpOMe>*KYTOUHOTO THMa, KOTOPbie ABJIAIOTCA 
HaHGoslee MHOTOUHCJICHHbIMH, HMCIOT MPOCTPaHCTBeHHOe paciipejieyieHHe NPOMe*KYTOUHOrO THMAa. 
Tatoxe oOcy>kaeTCA MeHee BLIPaxKeHHaA KOPPCJIAUHA MCKAY CNeCKTPaJIbHbIM THOM HM CBOlCTBaMH 
3Be34, Tuna RR JInpst. 


IWAPOBbIE CKOIVIEHHA. U.III. AHAJIM3 JIVYUEBbIX CKOPOCTEM CKOIMIEHMH 
T. J. Kuxnman 


OnpejesieHHad MO JyY4eBbIM CKOPOCTAM 70 WWapOBbIX CKOMJICHHH COJIHeUHaA CKOPOCTS paBHa 
167 + 30 KM/CeK, H ee alleKc He OTKIOHACTCA OT HallpaBJICHHA rayakTHM4ecKoro BpaileHHua Comnua. 
OG6uapyxeno HeOombuloe, eBa JIM 3aClIlyKMBaroOllee BHHM@aHHe, BHAMMOe€ H30TPOMHOe CKaTHe 
CHCTeMbI CKOIUIeHaM, KOTOpOe MOKeT GbITS OGyCIOBICHO CHCTeMaTH4CCKMMH OUIHOKaMH CKOpocteii,. 
onpejiesIeHHbIXx M0 CleKTpam c Masioit Wucnepcueli. JlyueBbie CKOpOCTH He NOSBONAIOT YCTAHOBHTB 
HaIMune KakHx-1HG60 MdcbepeHuMaIbHbIX JBWOKeCHHI BHYTPH CHCTeMbI CKOMICHHii HH Kak 
®yHKUMH rawakTOWeHTpHuecKOrO PpacCTOAHHA, HH Kak (yHKUMM MHTerpasibHOrO CheKTpasIbHoro 
Tuna. OHako Gomburme ouwmMOKH HeH30e7KHO CBASAHbI C STHMH PellleHHAMM BCJIeCTBHe MaJIOUHC- 
JICHHOCTH HMeIOUIeHCA CTaTHCTHY¥eCKOM BBLIGOPKH CKOMIeHH, HX HeONMarompHATHOrO paciipere- 
@¢HMA B PaakTHKe H GObIIMX NeKyJbIpHbIx CKopocteit. 

IlokasaHo, 4TO 3Be3bI Noma Tuna RR Jluppi, o6Omaqaroume TeMH 2Ke NepHOaMH, 4TO H 3Be3AbI 
9TOrO THIa, IPHHaiexKallyMe CKOMICHHAM, HMCIOT Ty 2Ke CamylO CKOpocTb Cosa MH QMCnepcHtTo 
ckopocteiil, 4To H CaMH CKomIeHHA. Bpicka3aHo MpesMononwKeHHe, UTO 3TH 3Be3AbI HMeIOT OOmIee 
MpOHCXO7KJICHHe CO CKOMMICHHAMH. 

JiuarpamMa 3aBHCHMOCTH OTHOLICHHA JIy4eBOH CKOPOCTH K KPYrOBOM CKOPOCTH OT yriia MexCLy 
HallpaBlicHHAMM OT CKOMIeHHA K CovlHuy H rataKTH¥eCcKOMY LICHTpy DOATBepKaeT 3akmoueHHe 
XepHepa © TOM, 4TO Op6uTbI CKONMIeHHt B GObIIMHCTBe CllyuaeB HMe1OT GOUIbIION SKCHEHTPHCHTeT. 
Bombmice 3HaueHHe 9KCLeCHTpHCcHTeTa (e=0°8) NomyYeHO TakoKe H3 pacCMOTpeHHA cpeqHero 
rawaKkTH4ecKOro BpallieHHA CHCTeMbI CKOIMLICHHH. 

IIpumeHena Npoctaad CxeMa UIA HaxOyKeCHHA PaciipeesleHHA MaCCbI B raslaKTHKe MO CKOPOCTAM 
ckomiennit. PesynbtaTbi HaxOJATCA B CornacuH c MozebI0 LiImuazta, 3a HCKO“UeHHeEM, BOSMOXKHO, 
raslaKTOMUeCHTPH4eCKHX PacCTOAHHH, MpeBbUaOuIAXx 12 KIIc. 

TlokasaHo, 4YTO OTHeCeHHbI K eJ{MHMIe MaCCbI Cpeq{HHii KHH¢CTHYCCKHH MOMCHT CHCTeMbI 
ckomiennit um Beeili ramakTuku OgMHakoB. Kpatko oOcyxqaeTcaA 3Ha4ueHHe 9TOrO daktTa ANA 
MpoGNeMbI MpOHCXO*KCHHA CHCTeMbI CKOMICHHH. 


HEKOTOPbIE ®OPMY/JIbI, CBASbIBAIOUINE TAPBAPIICKHE KOOPJIIUHATBI x Hy, 
QIKBATOPHAJIBHbIE KOOPIMHATbI MH CTAHIAPTHBIE KOOPITHHATBHI 
IIA MATESWIAHOBBIX OBJIAKOB 


A. JIoe. Becceaunk 


B craTbe paccMaTPpHBaeTCA UMCTO TIpakTMYeCKaA 3ajla4a OTOMCIeECTBIICHHA 3Be34 B Marenna- 
HoBLIx OGmaKkax. Jlawrcn cbopmynbi, KOTOpbie NepeBoAAT rapBapACcKHe KOOPAMHAaThI x HY, 
IKBATOPHAJIbHbIe KOOPAHHATbI HM CTaH{apTHbIe KOOPAHHATbI Zpyr B Wpyre. OMHcbrBaeTcCA Hx 
HCIIOJIBZOBaHHe ILIA OTOAKICCTBIICHHA OGBLCKTOB H JIA HaHeCeHHA CHCTeEMbI KOOPIIHHaT Ha CHHMKH. 
Ilsa toro aToGhl ympocruTs rpomaztuyro paGoty, KoTopas, BepoaTHoO, GyeT 3aTpaueHna Ha M3y4eHHe 
MaresnnaHospbix OOsakoB, ykKa3bIBalOTCA MpeMMYLIIeCTBa CHCTeMbI CTaH{apTHBIX KOOpaHHaT 
neped rapBapAckon CucTemMOn x H ye 








work described at a meeting, inccrataene We ut 
or other Fellow, 
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NOMbITKa MpeACKa3saTb TiHIbl HHTerpasibHbIX ClieKTpOB NGC §272 u (Cc MeHblucit yBepeHHOCTbIO) 
NATH {pyrHx cKomieHHii. PasnM4HA B MHTerpasIbHbIX CNe€KTpaX BbISbIBaIOTCA B OCHOBHOM 
Pa3JIMUHAMH B 3HAYCHHAX OTHOLWICHHA METAL BOJLOPO HM PasJINYHMeM OTHOCHTEJIBHON HaceIeHHOCTH 
rOPH30HTaIbHOn BeTBH. IIpesckasaHHbie ClieKTPal/IbHble THIMbI B Npejjetax O*KMaeMoli TOUHOCTH 
CormlacyvioTcA C HaOsUOJCHHbIMH, 4TO CILY*KHT NOATBEP7KCHHeM MNPaBHJIbHOCTH Halilero aHasInsa. 

Haitiena KOppesIAUHA Me@*K TY THOM MHTerpa-IbHOrO ClI¢KTpa CKOMICHHA HW KOHUeHTpailhesl K 
PaslakTHuecKOH MIocKOCTH. CKOIMLIeHHA CaMOro PaHHero CNEKTpasIbHOrO THA, 3BE3/1bI B KOTOPbIXx 
HMEIOT MaclO€e OTHOCHTeIbHOe COepyKaHHe MeTaJLIOB, OOpasy1oT OGWIMpHOe CchepuHyueckoe OO6NaKO 
C MaJloif KOHUeHTpalinell K 9TOM MIOCKOCTH; B TO 7Ke BPC€MA CKOIMICHHA CamMoro Mo3sqHero TuIMA, 
3BE3IIbI_ B KOTOPbIX HMCIOT HaHOOlIbee COepxKaHHe MeTa/VIOB, NOKa3bIBalOT CHJIbHYKO KOHI[CH- 
rpaliMio K ralakTHYecKol miocKkocTH. CKOIVICHHA MpOMe7KYTOUHOFO THMa, KOTOPbIe ABNAIOTCA 
HaHOO.lee MHOPOUHCJICHHbIMH, HMCIOT IIPOCTPaHCTBeHHOe paciipejleseHHe MpoMexkyTOUHOrO THMA. 
Taknce oOCy7KMaeTCA MeHee BLIPaxKeHHaA KOPPeJIAUHMA MC*KLV CICKTPasIbHbIM THIIOM H CBOlCTBaMH 
IB Inppr. 


INAPOBbIE CKOILIEHHA. UII. AHAJIHS JIYUEBbIX CKOPOCTEIH CKOILIEHHHA 


T. JL. Kuxnman 


OnpeleteHHadA MO yY4YeBbIM CKOPOCTAM 70 IapOBbIX CKOIMLI¢HHH CONHe4HaA CKOpPOCTb paBHa 
167 + 30 KM CeK, H ee aleKC He OTKJIOHACTCA OT HallpaBsIeHHA rallakTHYecKoro BpaleHHaA Commua. 
OGHapy7*KeHO HeOONbUIOe, CBa TM 3aCllyxKHMBaollee BHHMaHHe, BHAMMOe H30TpoMmHOe cHKaTHe 
CHCTeMbI CKOILICHHH, KOTOpOe MO7KET ObITh OGYCIOBICHO CHCTEMAaTH4CCKHMH OUIMOKaMH CKOpoctTei, 
ONpeeICHHbIX MO ClieKTpaM c MaJiow AMcNepcHell. JlyuecBbie CKOPOCTH He MO3BOJIAIOT YCTaHOBHTB 
HaJIMUHe KakHx-1H00 {MdpcdbepeHUMalJIbHbIX j{ABH7KeCHHIi BHYTPH CHCTeMbI CKOMJICHHii HH Kak 
(YHKUMN rasiakKTOWeHTpPHYeCKOrO PaCCTOMHHHA, HH Kak (YHKIMH HHTerpasibHoro CneKTpabHoro 
THna. Ojctwako GonbUIMe OUIMOKH HEH30e7KHO CBA3AHbI C STHMM PeLICHHAMH BClIeACTBHe MaJIOUHC- 
ICHHOCTH HMeIOWeHCA CTaTHCTH4eCKOM BLIOOPKH CKOMIcHHii, HX HeOMarompHATHOrO pacmpere- 
ICHHA B PalaKTHKe HW GOsIbIMX NeKyJIAPHbIX CKopocteli. 

[lokasaHo, 4YTO 3Be3;{bI NOAA THNa RR JInppr, o6nafarouime TeEMH 7Ke MepHOaMH, 4UTO H 3BE3AbI 

rMlla, IIPHHasVievKalllMe CKOIMICHHAM, HMeIOT Ty 7Ke CaMYIO CKOpocTn ColHula H MCcnepcHio 
!, UTO H CaMH CKOMICHHA. BbickagaHo mpeaqnonoxnKeHHe, UTO ITH 3Be3bI AMEIOT OOmIee 
leHHe CO CKOMICHHAMH 

iMa 3€BHCHMOCTH OTHOUICHHA JTY4YeBOH CKOPOCTH K KPYrOBOM CKOPOCTH OT ya Me*KILY 
HallpaBlicHHAMH OT CKOMIeHHA K CouHuy H rataKTH¥4eCKOMY LIeHTPy NOATBepxKilaeT 3aksTIO"“eHHE 
XepuHepa 1M, 4YTO OPOHTHI CKOMJICHHI B OONbUIMHCTBE Clly4aeB HMeIOT OOO IKCLICHTPHCHTeT. 
Bospio¢ {auecHMe IKCLICHTPHCHTeTa (e=0°8) MouyueHO Tak7Ke M3 PacCMOTPeHHA cpeHero 

ralaKTHY¥eCcKOro BPalllcHHA CHCTeMbI CKOMTeHHI 

[IpumeHena Mpoctaxtt CXeMa {VIA HaXO7KACHHA paciipe esIeHHA MaCCbI B raslaKTHKe MO CKOPOCTAM 
ckomiennit. Pesyiptarbl HaxOAATCA B CormlacnH Cc MosesIbIO LT Mita, 3a HCK/TKOUeCHHeEM, BO3MO7KHO, 

PHUECKHX PaccCTOAHHH, NPeBLLUAIOUIMX 12 KITIC. 
[lokasaHo, 4YTO OTHeCeHHbIiT K e/IMHMIe MaCCbI CpevHHH KHHeTHUCCKHHE MOMeCHT CHCTeMBI 
LI iu ralakTHKH OfMHaKOB. Kpatko o6cyxKilaeTcCA 3Ha4ueHHe 9TOrTO dbakTa AWA 
[CHHA CHCTeMbI CKOILICHHIt 


HEKOTOPBIE ®OPMY-IbI, CBASbIBAIOITHE TAPBAPIICKHE KOOPIHHATBI x Hy, 
IKBATOPIA-IbBHbIE KOOPIHMHATbI H CTAHIIAPTHBIE KOOPIHHATHI 
ILIA MATE-SVIAHOBbIX OBJIAKOB 


y, 1. wy ° Becce (MHI 


YHCTO TIpakTHYeCKaA 3ajlaua OTO7KeECTBJICHHA 3Be34 B Maresiia- 

TCH COPMYJIbI, KOTOPble NepeBOAAT rapBapACKMe KOOPAMHaTbI xX Hy, 
OPAMHaTbh! HM CTaH{apTHbie KOOPAHHaTh! Apyr B Upyre. OMMCbIBaeTCA HX 
ITOACLECTBIICHHA OObCKTOB H JULIA HaHeCeHHA CHCTCMbI KOOPAHHaT Ha CHHMKH. 
pomauHylo paboTy, KoTOpaA, BePOATHO, GyMeT 2aTpaueHa Ha H3y4eHHe 
MDCHMYLUCCTBa CHCTEMbI CTaHAapTHbIX KOOp{HHaT 
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Presentation of Papers at Meeting 
At some meetings of the Society the background and conclusions of selected papers 

are presented and then discussed. In order to assist the Secretaries in the selection of 
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papers, whether they would be willing to give an account of their paper, if requested. 
The attention of authors resident abroad is drawn to the fact that the the Society welcumes 
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Publication of Papers 

1. General.—It is the aim of the Society to be of the greatest possible service in 
disseminating astronomical results and ideas to the scientific community with the utmost 
possible speed. Contributors are accordingly urged to give the most careful considera- 
tion to the presentation of their work, for attention to detail will assuredly result in a 
substantial saving of time. 
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submitted for publication in Monthly Notices; experience has shown that 
comments of referees have enabled authors to improve the presentation of their work 


and so increase its scientific value. 
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normally exceed 200 words in length. Authors are requested to submit MSS. in 
duplicate. These should be typed using double spacing and rye Baten gs of not 
less than one inch on the left-hand side. Corrections to the MSS. 

the text and not in the margin. By Council decision, MSS. of accepted papers are 
retained by the Society for one vou thiat catihasthia calees their setars i aetonaaaa 
by the author they are destroyed. 

3. Presentation.—Authors are allowed considerable latitude, but they are requested 
to follow the general style and arrangement of Monthly Notices. References to literature 
should be given either in the traditional form of a numbered list at the end of the paper, 
or as prescribed in Notes on the Preparation of Papers to be Communicated to the Royal 
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the recommendations of Commission 3 of the International Astronomical Union (Trans, 
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abbreviations for cons 
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